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THE FIRST SPARK SPECTRUM OF RUBIDIUM (Rb II) 


By Orro LAportE, GEORGE R. MILLER, AND RALPH A. SAWYER 
UNIVERSITY OF MICHIGAN 


(Received July 23, 1931) 
ABSTRACT 


The resonance lines of Rb II have been photographed in the extreme ultraviolet 
region with the vacuum spectrograph. The mode of excitation was the holiow cathode 
discharge in helium, and in addition, the hot spark was employed with rubidium 
hydroxide in cored aluminum electrodes. The values of the wave-lengths of the ultra- 
violet lines for Rb II were obtained from third order measurements. The visible region 
was photographed with various glass and quartz spectrographs. With the separations 
of the resonance lines as guides, the classification scheme given by Reinheimmer was 
found to be correct, but incomplete. Some lines taken from Otsuka’s data were fitted 
into the scheme. The coupling is of an intermediate type approaching that of (jj) 
form. Levels of the 4p°4d, 4p°5s, 4p°5p, 4p°5d, and 4p*6s configurations were identi- 
fied. Their separations were compared with Kr I. It was also attempted to separate 
the *P, and *P, terms due to 4p*(5s, 6s) from the 4p*(4d, 5d) levels. The limit of ex- 
citation furnished by metastable helium falls exactly between the various levels caused 
by the 4p°5p configuration, thus providing a check on the interpretation of the classifi- 
cation. The ionizing potential of Rb II was calculated to be 27.3 volts. 


I. EXPERIMENTAL PROCEDURE 


eS exposure of Rb II excited in the hollow cathode dis- 
charge in helium was photographed in the vacuum region with a 1 m 
vacuum spectrograph and the positions of the resonance lines were noted. 
Their intensities were not sufficient to give wave-length determinations from 
second and third order measurements hence the hot spark was employed for 
producing the excitation using rubidium hydroxide in cored aluminum elec- 
trodes. 

An £, Hilger quartz prism spectrograph was used for the region \2470 
to 44300 with an iron comparison spectrum as standards. Due to its higher 
dispersion, the E, glass prism spectrograph was used for the regions \4100 
to A5800 with an iron comparison spectrum, and 5800 to A8000 with an 
argon comparison spectrum. The reductions of wave-lengths were made by 
means of a Hartmann formula. 


II. ANALYSIS OF THE Rb IIT SPECTRUM 


In Table I we give the spectral levels to be expected in Rb II for the two 
limiting cases of Russell-Saunders and of (jj) coupling. Rb II, however, be- 
longs like many other spectra to an intermediate type where neither case is 
completely realized. 


843 








844 O. LAPORTE, G. R. MILLER AND R. A. SAWYER 


The positions of the levels due to various configurations are largely in- 
fluenced by the principal quantum number of the valence electron and by the 
degree of ionization; i.e according to whether we consider Kr 1, Rb II, Sr ITT, 
the configurations will vield levels of different positions relative to each other. 
To illustrate this point a schematic Moseley diagram of the energy levels of 
Xr I and its isoelectronic analogues is given in Fig. 1. 


TABLE I. Electron configurations and theoretical terms of the Rb II spectrum. 


Electron Number of 














configuration Russell-Saunders (jj) levels 
4p° 2P *Piy 2P, 
4p? 1So 0 (1) 
4p'5s | 
4p°6s | IP, 3P iro 12 O01 (4) 
4p*7s 
4p'5p) 
4p*6p \ 1So IP, 'D, 3S) 3P aio 3D) 30) 12 01 (10) 
4p°7p 0123 12 
= J 
4p'4d | 
4p°5d IP, 'D, IF; 3P oro 3D 301 3 F359 0123 12 (12) 
4 pod | 1234 23 
4p 4f 
4p sf 'D, IF; Gs, 8D3o. FF gs2 FGsa3 1234 23 (12) 
4pof | 2345 34 
aa 








In this diagram the (v/R)"? of the term values of the levels arising from one 
configuration and referred to 4p° are represented by approximately straight 
lines as functions of the atomic number. Since we know the position of the 
levels in Kr I’ and since for larger values of Z the slope of these Moseley 
curves approaches the value 1/n (n being the total quantum number of the 
valence electron) we are able to get a rough idea concerning the mutual posi- 
tion of the levels with respect to each other. It is seen that the Moseley lines 
of the configurations 4p° and 4p°4d form a screening doublet because they in- 
volve valence electrons of the same principal quantum number 4. Similarly 
the configurations 4p°5s and 4°55 form a screening doublet since their re- 
spective valence electrons have the same total quantum number 5. However, 
it is characteristic for this isoelectronic series that due to their higher total 
quantum number, the configurations 4p°5s and 4p°5p diverge from the 
Moseley line belonging to 4p*° and cross the Moseley line belonging to 4p°4d. 
In the limit of high ionizations the configurations 4p°4d will be nearest to the 
ground level 4p° while the configurations 4p°5s and 4p°5p are more and more 
removed from 4p° an 4p*4d. In Kr I the configuration 4)*5s is still nearest to 


1 W. F. Meggers, T. L. de Bruin, C. J. Humphreys, Bureau of Standards, J. of Res. 3, 
731 (1929). 
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the ground level +/°, but as is seen from the diagram it must be expected that 
in Rb II the configurations 4p°5s and 4p°4d will just be overlapping whereas 
for higher ionizations 4p°4d will lie below 4p°5s. We shall see in the next chap- 
ter that indeed in Rb II, 4p°5s and 4p°4d overlap, thus complicating consid- 
erably the analysis of the spectrum. For the same reason, the configurations 
4p°6s and 4p°5d overlap also. 

The 4p*5p levels lie in a distinct group about in the middle between the 
lower 4p'5s and 4p‘4d levels and the upper 4/*6s and 4p‘5d levels. 


4p* 
+p'4d 


A TE s 


wy 








O KZ 6X Sm ya’ 
—_ Zz 
Fig. 1. Schematic Moseley diagram of “average” values of (v/R)'? plotted 
against atomic number, Z. 





III. IDENTIFICATION OF LEVELS AND CONFIGURATIONS IN Rb II 


1. Using the separations of the resonance lines obtained in the extreme 
ultraviolet region as a guide, the classification was extended to the visible 
region and is presented in Table II. 

The first and second columns contain the spectroscopic notations? of the 
levels arising from the 4p°4d, 4p°5d and 4p°5s, 4p°6s configurations respec- 
tively, while the third column contains the J values of these levels. The fourth 
column contains the relative term values of the levels of these configurations 
and are referred to the 4p*® Sy level. The heads of the remaining columns are 
designated with the spectroscopic notations? and relative term values (re- 
ferred to 4p* Sy) of the levels due to the 4p° and 4°5p configurations. In the 
body of the table are the wave numbers of the spectral lines, followed in 
parenthesis by their intensities. Below each wave number is the discrepancy 

2 Since it is impossible to assign Z and S values to the levels, the levels were numbered 


according to their order, and the inner quantum number was given as lower index to this 
number. The odd configurations are indicated with a small zero as upper index. 
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Fig. 2. Energy diagram for Rb II. 
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(observed value minus calculated value) between the observed wave number 
and the wave number calculated from the positions assigned to the levels. The 
scheme is essentially that of Reinheimmer’s* with some additional lines 
(marked with an asterisk) taken from the tables of Otsuka‘ that fit very well 
into the classification. 

2. The energy diagram of Rb II is represented by Fig. 2 and all levels 
are drawn to scale except the 4p° 'So. The numerals on the left of the groups 
are the inner quantum numbers (J), while the term symbols to the right of 
the lower and upper groups designate the s levels. (See paragraph 5 below 
for identification of the s levels.) The three resonance lines representing 
transitions from the 4p° to 4p°5s and 4p°4d levels are indicated. The limit of 
excitation of metastable helium falls about midway between the two groups 
of levels of the 4p°5/ configuration. 

3. Table III contains a list of Rb II lines classified in this investigation. 
In the first three columns are the intensities as obtained by the three investi- 


TABLE LIT. Wave-length list of Rb II lines. 





























Intensity | 
- Nair LA. vy vac, Classification 
M O R 
5 697 .04 (vac.) 143464 4p"So—S5s'P,° 
9 711.17 (vac.) 140613 4p"S° —4d5,° 
15 741.43 (vac.) 134875 4p"Sy—5sP,° 
2 2876.73 34751.5 | 4d1,° —5p6» 
1 3051.43 32762.0 | 588P\°—5p10o 
2 3098.55 32263 .9 4d1,° —5p5. (5p22—5d7,°) 
5 3148.98 31747.2 | 5s8P.° —5p% 
0 3153.36 31703 .1 4d1,°—Sp4. 
1 3161.11 31625 .3 | 5s°P 2° —5p8. 
0 3185.51 31343 .7 | 5p1,—5d4,° 
7 3271.03 30562.6 5p1,—5d2.° 
5 3281.49 30465 .3 5p41—6s'P,° 
2 3 3300.73 30289 .1 4d1,°—5p2. (5p52—5d7,°) 
0 3308 . 20 30219 .2 5s§P\°—5p9, 
2 8 0 3321.545 30097 .85 5s°P,°—Sp8» 
2 3329.91 30023 .6 4d2.°—5p5. 
1 3340 .605 29926.12 §p1,—5d1,° 
1 7 2 3393 .111 29463 .06 4d2.° —5Sp4. 
0 3415 .648 29268 .66 5p22—5d5;3° 
0 3434. 263 29110.01 5p33—5d53° 
2 3461 .574 28880 .35 5 p22—5d4.° 
3 3480.71 28721.6 5p33—5d4,° 
3 3513.88 28450 .5 5p71—5d81,2° 
2 3516.53 28429 .50 4d3.°—5p9, 
3 3521 .439 28389 .40 5§p22—5d33° 
0 9 2 3531.602 28307 .70 4d3.°—5p8. 
2 3541 .216 28230 .85 5p33—5d33° 
0 3557 .800 28099 . 26 5p2.—5d2.° 
1 3577 .959 27940 .95 5p33;—5d2,° 
1 3595 .91 27801.5 5p6)—5d7,° 
4 3639 .860 27465 .78 5p4,—5d4,° 
1 3640 .225 27463 .03 5p2.—5d1,° 
3 3646 .321 27417 .12 5p6o—6s'P,° 
0 3647 .616 27407 .39 5 p82—5d8,,2° 
4 3662 .784 27293 .89 5p52—5d5;3° 
4 3663 .859 27285 .88 5p9; —5d8:,2° 














3H. Reinheimmer, Ann. d. Physik 71, 162 (1923). 
4 O. Otsuka, Zeits. f. Physik 36, 786 (1926). 
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TABLE III (Continued). 








Intensity | 
—— Nair IA. v vac. Classification 
M oO R| | 
1 | 3666.774 27264.20 4d3.°—5p7, 
4 3669 .622 27022.13 | 4d5,° —5p10, 
1 3715.640 26905.64 | 5 p52—5d4.° 
3 3746.381 26684 .87 5 p4,—5d2.° 
0 3784.714 26414.60 | 5 p5.—5d35° 
1 | 3796 .393 26333 .34) | 
50 : 4 3796 .823 26330 .36 | espec_e 
1 | 3797 .170 26327.96/ | 98*P1° —5p6o 
1 | 3797 .276 26327.23) | 
5 3801 .925 26295.03 | 4d4.° —5p9, 
4 | 3826.708 26124.74 5 p5.—5d2,° 
4 2 | 3860 .796 25894 .08 5p1,—68P,° 
1 | 3907 .350 25585.57 | 4d2.°—5ply 
3 3922.259 25488.32 | 5p52—5d1,° 
2 4 3926 .489 25460 .86 | 5p1,—6s°P,° 
50 10 | 3940 .568 25369.90) | 
1 | 3940915 25367.67> 5s°P.° —5p5» 
1 | 3941 .099 25366.48) | 
2 7 3978. 207 25129.87 | 4d4.° —5p7, 
7 5 4029 562 24809.60 | 588P.° —5Sp4, 
0 | 4048 .640 24662.70 5p7,—6s P,° 
3 6 | 4083 .927 24479 .35 4d5,°—5p9, 
6 8 4104.313 24357.76 | 4d5,° —5p8» 
2 7 4136.125 24170.43 | 5s'P\° —5p10o 
1 4192566 23845.05) | 
20 9 4192 097 23842.03| | ee 
1 4193 .467 23839.93( | —- 58*Pi’ —S p52 
1 4193 .612 23839.10) | 
0 4227.222 23649.57 | 5p82—6s'P,° 
1 4243 888 23556.69) | 
25 10 4244436 23553.65. | edie di ae 
1 4244800 23551.63/ |  58°P2’—Sp3s 
1 4244.981 23550.62) | 
1 4249 085 23527.88 59, —6s'P,° 
5 4206 .622 23431.17 5p2.—68°P,° 
4 | 4270303 23410.97 | 5 p7,—5d6,° 
1 | 4272.640 23398.17) | 
20 8 4273.176 23395 .24 _ 
1 4273.524 23303 .33/ S#P2° —Sp2s 
1 4273.703 23392.35) | 
0 8 4288 .005 23314.33 | 4d5,°—5p7, 
1 | 4293 484 23284.58) | 
x 293 .99 23281. snciatitel. a 
i 4794362 3279.82} 5#Pi°—Sptr 
1 | 4294567 23278.71) 
2 | 43006. 299 23215 .29 58°Po° —5p9 
1 | 4346.582 23000.14 | 5 po —5d1,° 
4 4346 .996 22997 .95 5 p2.—6s°P2° 
3 5 4377.150 22839 .52 5 p33—068°P,° 
5 | 4469 .516 22367 .53 5 p82—5d6,° 
4 | 4493 .949 22245.92 | 5 p9; —5d6,° 
1 6 | 4530 .358 22067 .14 4d61,2° —5p9, 
3 4533 .824 22050.27 | 588Po° —5p7, 
5 | 4540.771 22016.54 | 5p4,—6s°P,° 
15 10 | 4571.790 21867.16\ | ae 
1 | 4572.162 21865.38) | 5#Pi°—Sp2s 
1 5 | 4622 .447 21627.53 | 5s'P,°—5p9, 
2 4631.918 21583.30 5p4,—6s*P,° 
5 8 | 4648 .562 21506 .03 5s'P,° —5p8, 
4 4659 .320 21456 .37 5p52—6s*P1° 
1 5 | 4730.479 21133 .62 4d7.°—5p9, 
5 4755 .329 21023.18 | 5p52.—6s°P2° 





| 
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Tasre IIT (Continued). 


} 


Intensity 
——— Nair I.A,. vy vac. Classification 
M O R 
3 5 4757 .853 21012 .03 | 4d7.° —5p8. 
20 9 4775 .998 20932. 20) 5 3P,°_§ 
1 4776.410 20930.39) | 58P2°—Spli 
0 7 | 4782 .871 20902 .12 4d6,.2° —5p7; 
10 a i 4855 .361 20590 .16 4d5,° —5 p65 
5 | 4885 .627 20462 .51 5s'P,°—5p7, 
0 | 5073 .919 19703.16 5 p10) —5d6,° 
10 6 | 5152 .094 19404 .19 588P,°—5pl, 
0 2 | 5164.592 19357 .24 4d4o° —Sp4, 
3 | 5270 .508 18968.24 | 5 pb) —68°P° 
20 6 | 5522.789 18101.78 | 4d5,°—5p5. 
15 6 | 5635 .994 17738.91 5s'P1° —5p6o 
5 6 5699 .159 17541 .59 4d5,°—5p4, 
2 6199 .093 16126.94 4d5,°—5p2. 
8 6 6458 .347 15479 .57 4d4.°—5p1, 
2 2 6555 .625 15249 .87 5s'P\°—5p5: 
15 9 6775 .062 14755 .95 4d72°—5p5, 
1 6805 .646 14089 .64 5s'1P,°—5p4, 
2 7042 .450 14195 .70 4d7.° —5Sp4, 
8 1 7316.505 13663 .97 4d5,°—5p1, 
50 7664 .43 13087 .10 4d8),2° —5p5. 
30 7698 .57 12526.30 4d81.2° —Sp4y 








gators; in the fourth column are the frequencies in vacuum; the last 
column contains the classification. (4p*) is omitted in the classification since 
it is common to all configurations lying above the 4p° 'Sy) ground state. The 
odd configurations are indicated by an upper index’. 

4. As far as the identification of the levels whose term values are written 
down at the top of Table II is concerned, there seems to be no ambiguity to 
assign them to the configuration 4p°5p. Not only does their number (namely 
10) agree with what is to be expected theoretically, but also the individual 
inner quantum numbers are exactly those which the configuration is to yield 
(compare Table 1) In addition to that, a very convincing argument in favor 
of the present identification is given by a consideration of the change of sepa- 
ration when going from Kr I to Rb II 

In the following figure (Fig. 3), the relative term values of the ten p 
terms of Kr I are drawn referred to their center of gravity, and analogously 
the relative term values of the ten p terms of Rb II are plotted referred to the 
center of gravity but reduced in scale to the magnitude of the relativisitic 
doublet p° of Kr I by multiplication with 5220/8500. This method is the same 
as that used by Mack, Laporte, and Lang.’ As may be seen from this dia- 
gram, there is a very good correspondence between the two respective groups 
of levels. It is interesting to note that the two crossings-over which occur 
take place between levels which in both spectra have very small separations 
between them. It is also interesting to note the beginning of (jj) coupling 
since in both spectra, the largest separation divides the ten p levels into two 
groups of four and six levels each with the inner quantum numbers 011223 
and 0112 respectively. This division is exactly the one required by (jj) cou- 


§ J. E. Mack, O. Laporte, and R. J. Lang, Phys. Rev. 31, 748 (1928). 
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pling as is seen from Table I. In the limit of very high ionization, the levels will 
be arranged in four groups, namely 12, 0123, 01, 12. 

5. So far the discussion has been confined to the even levels. The odd levels 
offer the singular problem of separating the levels due to 4/°5s from those 
due to 4p°4d. To be sure, this is impossible from a strictly theoretical point 
of view due to the complete overlapping of the two configurations, just as it 
is impossible to assign L or S values unless there is decided Russell-Saunders 
coupling. In our case we were guided by the three resonance lines, two of 
which would have to involve the difference *P,—'P;. For fairly pronounced 


J, 
97944 Zz 
979/38 Lh groge 
97S9S- i 164973 


IP 465947 
p/6(Z0s- 


»/SB 77 
($8152 


t /5670/ 
S56 742 











($4279 
ArlT Rb 


Fig. 3. The 4955p configurations of Kr I and Rb II referred to the center of gravity and reduced 
to the same magnitude of the relativistic doublet 4)’. 


(jj) coupling, this difference could be expected to be equal to* P,—*P») which 
distance was estimated to be in the neighborhood of 7500 cm” '. The nearest 
approach to this were the two resonance lines vv134875, 143646 with Av = 8589 
cm~!. Thus the levels 134875 cm=! and 143467 cm~! were decided on as *P,; 
and 'P;. After that, the levels 133347 cm! and 141879 cm™ immediately 
suggested themselves as *P, and *P». A confirmation of this identification is 
the fact that according to Reinheimmer® the levels *P2 and *P; show a char- 
acteristic hyperfine structure. It must nevertheless be admitted that the 
identification of the level 141879 cm as *P, is not very certain and rests 
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mainly upon an order of magnitude agreement with Houston’s formula.® 

Exact agreement with Houston’s formula cannot be expected, since the 
p’s overlap with p'd. Compare Laporte and Inglis’ for disagreement in case 
of IX II where the analogous situation occurs. 

After the identification of the 4p°5s levels, we are left with eight levels 
with the following inner quantum numbers: 0; 12; 2?; 1; 2; 2; 1, 2; 1,2. A 
question mark following two of the levels means that while there is a suffi- 
cient number of combinations of these levels to fix the quantum numbers un- 
ambiguously, the reality of the levels as such, is somewhat doubtful due to 
the fact that their combinations do not appear strongly enough in the hollow 
cathode discharge. On the other hand, the notation 1, 2 means that due to an 
insufficient number of combinations of these levels, their inner quantum num- 
ber cannot be determined completely, while nevertheless the levels seem real. 
On the whole the result of Table I is not unsatisfactory. Counting one of the 
1, 2 levels as having J=1, and the other as having J =2, we get: one level 
with J =0, three levels with J =1, and four levels with J =2 which is indeed 
the required number for 4p°4d according to Table I. Although a thorough 
search for levels with J=3 was made, none could be established satisfac- 
torily, at least not with the present data. Their combinations appear not to 
lie within our region of observation. 

6. We come now to a corresponding discussion of the levels due to 4p°6s 
and 4p°5d configurations. Since from the previous discussion we have a fairly 
accurate estimate of the +p°?P separation, namely: 


4p°5s(8P2 — *Po) = 8532 cm 
4p°5s(8P, — Pi) = 8592 cm", 


we now have to search for two J =1 levels which should show the same sepa- 
ration, with the lower one of the two having J =2 level nearby. The levels 
with relative term values 180173.33 cm and 188622.28 cm™ were chosen as 
’P, and 'P, respectively. They show the separation 4p°6s (?P; —'P) = 8448.85 
cm~!. This choice also fixes the level 179740.11 cm™ as being *P2. A search 
for the level *Py) which ought to lie a little below 'P; has been unsuccessful. 
This is not surprising since even the combinations with 'P; are rather weak. 

Having thus selected the levels belonging to 4p°6s, there remain for the 
configuration 4°5d eight levels with inner quantum numbers: 1; 2; 3; 1; 2; 
3; 1; 1, 2 while the theory leads one to expect one level with J =0, three levels 
with J =1, four levels with J =2, three levels with J=3, and one level with 
J=4, 

It is seen by comparison that level “1, 2” with relative term value 
192380.15 cm-', the inner quantum number of which cannot be decided from 
its combinations (compare Table I), must be given J=2. This leaves one 
more level with J =2 and one level with J =3 undiscovered. Needless to say 
the level J = 4 cannot be established from its one combination with the 4p*5p 
group. 


6 W. V. Houston, Phys. Rev. 33, 297 (1929). 
70. Laporte and D. R. Inglis, Phys. Rev. 35, 1337 (1930). 
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7. The separations between the first and second series members of *P2 
and *P; are found to be equal to 46393 cm~ and 45298 cm-' respectively. 
Using the Rydberg term tables for spark spectra,’ these differences were 
each fitted into a Rydberg sequence thus giving two independent determina- 
tions of the absolute scale: 


5s°P2 — 6s*P2 = 46393 cm | 5s°P,; — 6s°P; = 45298 

85P, = 88556 3P, = 86926 cm™! 
5s(@P2 — §Pi) = 1528 

sP, = 87028 cm™~! 





The agreement is very good; we take as average value *P,; = 86977. By adding 
the frequency of the resonance line 4741.43, v134875 cm=! ('S)—*P;) to the 
3P; term value, we obtain 


1So = 221852 cm 


as the calculated term of the normal rubidium ion and corresponds to an 
ionizing potential of 27.3 volts. Mohler® gives 25.2 volts. 

8. The available energy of metastable helium atoms is about!® 163000 
cm™, Since 134875 cm are expended in exciting the first resonance line, 
then only the remaining energy of about 28000 cm will be available to excite 
additional levels. Thus the limit of excitation falls between level 161205 and 
level 163929 cm“. 

This is in complete agreement with the experimental facts. Numerous 
strong lines given by Reinheimmer® which represent transitions from 4p°5p 
towards 4p°5s do not appear in the hollow cathode discharge in helium be- 
cause they come from one of the ten 4/55) levels which lies beyond the just 
mentioned limit of excitation. (For example, the line representing the transi- 
tion 4p°5s *P.°—4p°5p 9,=31747.2 does not appear in this investigation.) 
On the other hand many of Reinheimmer’s lines appear strongly on our plates 
also because they involve a 4p*°5p level that lies inside the limit of excitation 
(for example, the line 4p°5s 'P,°—4p°5p 6) = 17738.19 has intensity 6 in Rein- 
heimmer’s data, and appears with an intensity of 15 in the hollow cathode 
discharge in helium). To be sure, a few lines whose initial levels lie beyond the 
excitation limit appear weakly in the hollow cathode discharge also because 
there is always a small number of ionized helium atoms present to furnish a 
much higher energy of excitation of Rb*. 

A corresponding analysis of Cs II is being made at the present time" and 
will be published in the near future. 


® F, Paschen, J.0.S.A. and R.S.I. 16, 231 (1928). 

® F, L. Mohler, Phys. Rev. 28, 46 (1928). 

10 For convenience in spectroscopic discussion, the energy is given in » units. It may be 
converted to equivalent volts by multiplying by 1.2345 X10~. 

ut See preliminary communication, Phys. Rev. 37, 845 (1931). 
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THE NUCLEAR SPIN OF POTASSIUM 


By F. W. Loomis! anp R. W. Woop? 
THE ALFRED Loomis LABORATORY, TUXEDO PARK, NEW YORK 


(Received July 20, 1931) 
ABSTRACT 


Photographs of certain bands in the absorption spectrum of the potassium mole- 
cule show branches with alternating intensities. Moreover, comparison of the line 
spacings with those calculated by extrapolating observations on lithium and sodium 
show that all lines of each branch are present and the phenomenon of alternating 
missing lines does not occur. This disproves the assertion, based on failure of certain 
observers to find hyperfine structure, that the nuclear spin of K* is zero. 


ECENTLY searches have been made for hyperfine structure of potas- 

sium arc lines by Schiiler and Briick® and of spark lines by Frisch.‘ In 
neither case was any hyperfine structure detected. The conclusion has been 
drawn,’ that the nuclear spin of the principal isotope of potassium, K*, is 
zero. This, if true, would be of considerable significance because it constitutes 
one of the very few reported exceptions to Heitler and Herzberg’s rule’ that 
the spins of the nuclei are even or odd multiples of half a Bohr unit according 
as the number of protons in the nucleus is even or odd. 

The authors have therefore thought it worth while to attack the prob- 
lem by the method of band spectra; that is, to determine whether or not al- 
‘ ternate lines of the Kz band spectrum are missing as they should be if the nu- 
clear spin is zero. 

It is true that measurements and analyses of the rotational structure of 
the potassium molecule have already been reported by Smith’ and by Fred- 
rickson and Watson;® but these were made in the same way and published at 
the same time as their analyses of the molecular spectra of sodium, and we 
have since shown® that the spectroscopic resolution of both investigators 
was insufficient, the “series” illusory and the reported constants wholly mean- 
ingless. It seemed probable that this was also true of their measurements of 
the potassium spectrum, and the present investigation has shown that this 
is in fact the case. 

The spectrum was photographed in the fourth order of the Tuxedo labora- 
tory forty foot spectrograph, using a particularly fine seven-inch plane grat- 


1 The University of Illinois. 

* The Johns Hopkins University. 

3 Schiiler and Briick, Zeits. f. Physik 58, 735 (1929). 

4 Frisch, unpublished, but mentioned by Frisch and Kronig.* 
5 Frisch and Kronig, Naturwiss 19, 444 (1931). 

® Heitler and Herzberg, Naturwiss 17, 673 (1929). 

7 Smith, Proc. Roy. Soc. A106, 400 (1924). 

8 Fredrickson and Watson, Phys. Rev. 30, 429 (1927). 

® |oomis and Wood, Phys. Rev. 32, 223 (1928). 
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ing with 15000 lines per inch. The spectrograph has recently been completely 
thermostated and the mounting redesigned by Mr. Alfred Loomis and is now 
very convenient to operate and capable of giving high definition with long 
exposures. 

The potassium was contained in an iron tube, with windows fastened to 
the ends with sealing wax, evacuated to a few millimeters of residual gas 
(principally hydrogen), heated at the center with a flame and cooled at the 
ends with water to protect the windows. It is necessary to adjust the tem- 
perature rather closely, so that the band spectrum is developed, but does 
not become too complex. The solar spectrum was used as a source and also 
as a comparison. The absorption spectrum of potassium was photographed 
in the region from 6440 to 6700A, which region contains the strong (2,0) (1,0) 
(1,1) (0,1) and (0,2) bands of the red system, and other weak ones. 

Some of the bands, notably the (0,2) band, are so well resolved that it is 
possible to pick out the consecutive lines of a branch on mere examination of 
the plate. In these branches a definite alternation of intensities can be seen. 
It persists over the whole of the region which is free from overlapping bands 
and the only lines which do not fit into it are those for which there is evidence 
of superposition. There can be no doubt that the alternation is real. More- 
over, the lines are obviously members of a single branch, probably the Q 
branch, because it is the strongest. They are not lines of P and R branches 
with a fortuitous phase relation to each other, for the weaker lines remain 
midway between the stronger ones for the whole observable length of the 
branch. 

The existence of this alternation of intensities shows at once that the nu- 
clear spin cannot be zero, as the failure to find hyperfine structure of the 
atomic lines was thought to indicate. 

The exact value of the spin could be found from the ratio of alternate in- 
tensities by the accepted formula that this ratio is equal to s/(s+1). Unfor- 
tunately our present measurements do not permit the quantitative deter- 
mination of this ratio. It is probably safe to say, however, that it is not as pro- 
nounced as 1:3; i.e. that s>}. Probably s=1,1} or 2, but this cannot be re- 
lied upon. We hope to measure the alternation of intensities at a future time. 

Further evidence that alternate lines of the bands are not missing, and 
hence that the nuclear spin is not zero, can be obtained from a study of the 
spacing of the lines in the branches. If one assumes that the spin is not zero, 
and all lines are present, then the second differences of the frequencies of the 
lines in a branch should be very approximately equal to 2C, where C= B’— 
B"’ in the usual band spectrum notation. If the spin were zero and alternate 
lines were missing the second differences between the lines which appeared 
would be 8C. The second differences observed are, for all the branches of all 
the bands studied, about —0.016 cm™', yielding C= —0.008 cm! on the 
first, and correct, assumption, or C= —0.002 on the second. Now we do not 
yet know the true C of the potassium molecule, but a comparison with the 
accurately known values for lithium and sodium (see Table I) is sufficient to 
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show that the value —0.002 cannot be correct, whereas —0.008 is a quite 
reasonable extrapolation. 

A still more definite test would be to compare the extrapolated values of 
B’' and B”’, the two larger quantities of which C is the relatively small dif- 
ference. Pending the result of a complete analysis of our plates, which we 
expect to publish later, B’ and B”’ can best be estimated as follows: Mecke 
has noticed that the quantity Bo/w» does not change much during a transi- 
tion, or in other words, that Bo’wo’’/ Bo’’wo’ is usually approximately unity. 
In the case of lithium!® it is 1.07. In sodium! it is 1.04. Let us extrapolate its 
value for potassium as 1.02 which should not be wrong by more than a few 
percent, and is certainly more than sufficiently accurate for our purpose. 
Now"! wo’’ = 92.64 and wo’ = 74.73 so that we find B’’)/B’)=1.21. With this 
value for the ratio of the B’s it is possible to calculate the values of the B’s 
themselves which correspond to each of the above assumptions about C. The 
results are given in Table I. 


TABLE I. Values in parenthesis are estimates based on the extrapolation for Bg’ wo’'/Bo''wo'. 











Li, Nae K.(if s>0) K.(if s=0) 
M 7 23 39 
-—C 0.1162 0.0289 0.008 0.002 
—-MC 0.81 0.66 0.31 0.08 
Bo’ wo!’ / Bo’ wo’ 1.07 1.04 (1.02) 
B,’ 0.5532 0.1254 (0.038) (0.0095) 
B,’ 0.6694 0.1543 (0.046) (0.0115) 
MB,’ 3.87 2.88 (1.48) (0.37) 
MB," 4.69 3.55 (1.79) (0.45) 








It will be seen that the values deduced on the assumptions that s >0 and 
that all lines are present are plausible, while those deduced from the alterna- 
tive assumption are not. This is particularly apparent in lines 4, 8 and 9 in 
which the constants have been multiplied by the atomic weight J/. 

We may say then, with considerable certainty, that the spin of the po- 
tassium nucleus (I<*) is not zero. And it is perhaps permissible to doubt the 
inferences, as to non-existence of nuclear spin, that have been drawn in other 
cases from failure to find hyperfine structure. 


1 Harvey and Jenkins, Phys. Rev. 35, 789 (1930). 
1 Crane and Christy, Phys. Rev. 36, 421 (1930). 
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THE ISOTOPE SEPARATION IN THE SPECTRA OF Li I 


By D. S. HUGHES 
UNIVERSITY OF CHICAGO 


(Received June 18, 1931) 


ABSTACT 


Three lines of the Li | spectrum were examined for possible isotope components. 
A faint component was found on the long wave-length side of the lines 6708A and 
3232A. The measured separation of this component and the doublet is in good agree- 
ment with the calculated separation of the Lis and Li; lines. No components other 
than the regular doublet were observed for the line 6104A. This is in accord with the 
theory since the calculated separation for this line is below the limit of resolution of 
the apparatus used. 


N view of the prediction of an observable separation between the spectral 

lines of Lig and Li;,' it was decided to investigate the are spectrum. 
Schiiler and Wurm® have examined the first line of the principal series, 
6708A, and found it to be a triplet. Since the long wave-length member of 
this triplet was very weak and could not be accounted for on the basis of any 
accepted theory of line structure it was ascribed to Lis. The magnitude of the 
separation was such that the long wave member of the Li; doublet coincided 
with the short wave member of Li; doublet, causing the line to appear as a 
triplet. 

Since it is very difficult to secure sharp emission lines from Li, the first 
two lines of the principal series were examined in absorption. The line 6104A, 
which is not absorbed, was photographed in emission, with a hollow cathode 
discharge tube. With large currents through the tube the line would, be- 
cause of self reversal, appear as a triplet. However, on decreasing the current 
the appearance of the line would change until with 0.5 amperes passing 
through the tube it appeared as a doublet. 

The first vacuum furnace for vaporizing the lithium in the absorption ex- 
periments was a seamless steel tube 2 inches in diameter and 26 inches long. 
The central 13 inches were wound with resistance wire and the ends wound 
with 1 4 inch copper tubing through which water was circulated to cool the 
wax with which the quartz windows were fastened on. Later a longer furnace 
was constructed with 48 inches of resistance winding. 

This design does not permit a determination of vapor density. The me- 
tallic vapor diffuses to the ends and condenses so that the vapor pressure is 
zero there. The average density depends upon the number of atoms evapora- 
ting per second, which is a function of the area and condition of the lithium 
surface as well as of the temperature. Due to the fact that Li attacks glass and 
quartz at temperatures above about 200°C, it did not seem feasible to con- 
struct tubes which could be kept hot at the ends. 


1D. S. Hughes and Carl Eckart, Phys. Rev. 36, 694 (1930). 
2H. Schiiler and E. Wurm, Naturwiss. 15, 971 (1927). 
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Two grating were used in this investigation, a 6-inch plane grating with 
15,000 lines to the inch and a 6-inch concave grating, with a radius of curva- 
ture of 21 feet, and the same number of lines to the inch. The plane grating 
was first used in a littrow mounting with a 10-inch concave mirror having a 
focal length of 15 feet. This mounting gave a dispersion of about 0.566A mm 
in the fourth order of 6708A. 

Using this mounting and a carbon are as a continuous source the photo- 
graphs of 6708A, shown in Figure 1 were obtained. The upper photograph 
was taken when the furnace was at a dull red heat. The current through the 
resistance winding was decreased by small steps and the successive photo- 
graphs taken. Components a and — are ascribed to Li; and component ¢ to 





Fig. 1. Absorption of Li 6708A in lithium vapor. Temperature of furnace is highest for the top 
photograph. 6 inch plane grating, dispersion 0.566 A/mm in fourth order. 


Lis. According to this interpretation } is really composed of two lines, the 
long wave-length member of the Li; doublet and the short wave-length mem- 
ber of the Lig doublet. 

In the hope of resolving the nuclear spin lines a new grating mounting 
was constructed with an 18-inch concave mirror of focal length 25 feet. With 
this mounting a dispersion of 0.326 A.“mm was secured in the fourth order at 
6708A. The longer furnace was constructed so that a lower temperature of 
the absorbing column could be used and hence sharper lines obtained. The 
photograph shown in Figure 2 was taken with this arrangement. The micro- 
phometer curves of the plates, however, did not reveal any structure. 

Since the mirror used in the 25-foot mounting was silver plated and did 
not reflect 3232, it was necessary to use the concave grating for the examina- 
tion of the second line of the principal series. The dispersion in the fourth 
order at 3232A was 0.652 A/mm. The carbon are which had proved to be a 
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very intense and convenient source for 6708A was found to be too weak for 
use at this wave-length. The intensity of the continuous hydrogen spectrum 
was also of insufficient intensity. It was then decided to attempt to use the Li 
emission line as a continuous source. The line, which was obtained by placing 





Fig. 2. Absorption of Li 6708A in lithium vapor. A longer tube and lower temperature than for 
Fig. 1. 6 inch concave grating, dispersion 0.326 A’ mm in fourth order. 


a small quantity of lithium carbonate in a copper arc, was very broad and 
with a current of 4+ amperes through the arc, showed no signs of self-reversal. 

Several plates of the line at 3232A were taken with this arrangement. 
Figure 3 shows the microphotometer traces of these plates. The portion of 
the trace between A and B represents the absorption line. In the original 








Fig. 3. Microphotometer of absorption of Li 3232A in lithium vapor. The portion of the 
trace between A and B represents the absorption line. It is to be noted that the component 
b is present in each trace and is thereby distinguished from the accidental motions of the 
galvanometer. 


negative the resolution was sufficient to allow the separation to be measured. 
The component a, is ascribed to Li; and component, }, to Lig. Although this 
line should be a doublet, due to electron spin the observed doubling was as- 
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cribed to the isotope effect rather than to the spin for two reasons; first, rela- 
tive intensity (the component $ is much weaker than a and disappears en- 
tirely if the temperature of the furnace is lowered slightly); second, the spac- 
ing (the separation in Figure 3 is about 0.058A, the separation due to elec- 
tron spin for this line as calculated from the regular doublet law is about 
O.01 A). 

The change in frequency due to the finite mass of the nucleus in the case 
of a one-electron system is. 


63 = — my M (1) 


where m is the electronic mass, .\/ is the mass of the nucleus, and vy is the 
frequency of the line, calculated by neglecting the motion of the nucleus In 
the case of more complicated atoms this same effect is still present. Two iso- 
topes of an element should emit lines of slightly different frequencies, as given 


mi ml 
bv =( — )p (2) 
MM, oMs 


AJ; and J, are the nuclear masses of the isotopes, and is the frequency of the 


by the following equation 


line. In the case of two and three-electron systems, however, there is an addi- 
tional effect which displaces only the P levels, and hence only lines arising 
from or terminating upon a P level. The value of this additional effect for 
three-electron systems in which one electron is in a P orbit and the other two 
are in 1s orbits is given by 

128 m (Z,;n — Z,)*" 4 


bv, ee RZ 7 PnP — 1) : (3) 
M (Zn + Z2)?"*4 


we 


where Z, is the effective nuclear charge for the 1s electrons, Z» the effective nu- 
clear charge for the p electron, 7 the principal quantum number of the p elec- 
tron, m the electronic mass, ./ the mass of the nucleus and R, Rydberg’s 
number for an atom with an infinitly heavy nucleus. Equations (2) and (3) 
give changes in energy which are opposite in sign and in the case of Li I are 
of the same order of magnitude. This leads to a very small displacement of 
the P levels and hence to a comparatively large effect in lines arising from p 
levels and terminating upon s levels. 

The results of the calculations and measurements are presented in the fol- 
lowing table. 


TABLE I. 
Line Transition Ay A» (obs) A» (cal) 
6707 .86A 2P-1S 0.155A 0.156A 0.123A 
6103 .59 3D—2P 0.112 0.00 0.049 


3232.67 3P—-18S (0.01)* 0.058 0.042 


* Calculated from the regular doublet law. 
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A; is the regular doublet separation, A, is the isotope separation. The 
values of Z; and Z» used in calculating the fifth column were taken from the 
work on screening by Eckart.’ The disagreement between the observed and 
calculated displacement is probably to be ascribed to the unresolved nuclear 
spin lines of Li;. Since the Lig nucleus has no spin,*:' the spin of the Li; nucleus 
will lead to a relative displacement of its lines. This interpretation seems to be 
in accord with the fact that the fractional disagreement is approximately the 
same for 6708A and 3232A. 

The best evidence for this interpretation would be a calculation of the 
relative vapor densities of the two isotopes from the intensities of the absorp- 
tion lines. One method of doing this would be to find the reduction in length 
of the absorbing column necessary so that the intensity of the Li; lines in the 
short column would be the same as the intensity of the Lig lines in the long 
column, with the same conditions of vapor density and temperature in each 
column. Due to the difficulty already pointed out in connection with the 
vapor pressure it did not seem to be possible to make measurements of this 
sort. 

A fair agreement has been found between the calculated and observed 
separation of Lig and Li; lines for two lines of the Li I spectrum. In the case 
of 6104 no lines were observed that could not be ascribed to Li;. Considering 
the small calculated displacement the Li, lines were probably masked by the 
Li; lines, since the width of the emission lines was of the order of magnitude of 
the calculated separation. 

This work was carried out under the direction of Professor H. G. Gale, 
and the author wishes to express his gratitude to him for his encouragement 
and many helpful suggestions. The author also wishes to express his appre- 
ciation to Professor Carl Eckart, who suggested the problem and to Profes- 
sor G.S. Monk for his advice in connection with the spectroscopic technique. 


3 Carl Eckart, Phys. Rev. 36, 878 (1930). 
4H. Schiiler, Zeits. f. Physik 58, 741 (1929). 
5 A. Harvey and F. A. Jenkins, Phys. Rev. 35, 798 (1930). 
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ABSTRACT 


The manner in which the energy levels of extreme (jj) coupling are split up by 
interaction of the electrons is calculated, and the results serve in special cases to de- 
termine energies in the condition intermediate between (jj) and (LS) coupling. 
Single-electron wave functions appropriate to large spin-orbit interaction are selected, 
and antisymmetric atomic wave functions are formed of them. With these the diagonal 
elements of the matrix of electrostatic interaction are reduced to combinations of 
radial integrals, the same integrals met by Slater in (LS) coupling. Some configura- 
tions have only one such radial integral to express electrostatic interaction. It serves 
as a parameter in the extension to intermediate coupling by a method of Goudsmit. 
Coefficients in the general equation for the energies are determined by the energies in 
extreme couplings. Knowledge of electrostatic energies in (jj) coupling, as here calcu- 
lated, extends the applicability of the method to configurations having three states 
with the same angular momentum. 


INTRODUCTION 


HEORETICAL relationships between the separations of the levels of 

a configuration in the two extreme couplings are well known.'? They are 
obtained by considering a single type of interaction at a time. Houston in- 
troduced both electrostatic and spin-orbit interaction and solved completely 
the problem of two electrons, one of them an s-electron. The energies of the 
two states with the same J are solutions of a ternary quadratic equation. 
(Goudsmit*® has suggested a simplified method of solution for such problems. 
Even in more complicated configurations the energies are roots of homo- 
geneous equations, and in some cases it is possible to determine the coeffici- 
ents from a knowledge of the energies in extreme couplings. For several con- 
figurations, the separations due to spin-orbit interaction are known in terms 
of a parameter both in (jj) coupling, where they are large, and in (LS) 
coupling, where they are relatively small. The electrostatic separations are 
known in extreme (LS) coupling, where they are large.' This knowledge 
sufficed to determine the coefficients for the configurations p* and p*, where 
the equations for general coupling are quadratic or linear. It will be shown 
that knowledge of the electrostatic energies in (jj) coupling, where they are 
small, completes the determination of the coefficients of a cubic equation 
with one electrostatic parameter. The ensuing calculation of such energies 
will thus make it possible to determine for intermediate coupling the levels 
of some configurations having three states with the same value of J. 


' J. C. Slater, Phys. Rev. 34, 1293 (1929). 
2 Pauling and Goudsmit, Theory of Line Spectra, McGraw-Hill, 1930. 
’S. Goudsmit, Phys. Rev. 35, 1325 (1930). 
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ELECTROSTATIC ENERGY IN (jj) COUPLING 


1. Wave functions for (jj) coupling. The calculation of the electrostatic 
energy of the states is quite similar to that done by Slater for (LS) coupling, 
but here the appropriate wave functions are less simple. We are dealing with 
the smaller of two interactions. First we determine the wave functions stabil- 
ized for the larger spin-orbit interaction. This initial perturbation is a sum of 
functions of single-electron coordinates. The problem thus reduces to the 
selection of single-electron wave functions u(nljm;/) appropriate to spin- 
orbit interaction. Each such stabilized wave function is a linear combination 
of the two‘ simple single-electron wave functions u(nlm,m,/) with the same 
value of total angular momentum m;. These are u(nlm;—4/r0@) 6(4/o0) and 
u(nlm;+4/r9b) 6(—3/c0) which we abbreviate u(m;—3/) 6(3/c) and 
u(m;+3/) 6(—3/¢). To calculate the perturbation energy matrix 2; 
= fu(t,) (l-s) u(j/) we use the relations 

0 cos@ @ 0 

l,+i,= ct + — + i—— ~); l,= — ¢- 

06 sin @ d¢@ Od 

0 


; cos 6 
P,"(cos 0) = m ——P,"(cos 6) — P,™* (cos 8). 
00 sin @ 


vee = — 3(m; + 3) 
- 


tl — m; + 4)(l +m; + §)}'?. 


With these and the operators® representing spin we obtain 
— 1 
v1 = 2(m; — 4) 
> 


9a = + 
Of the double sign here and in the following formulas, the upper sign is for 
positive values of m;, the lower for negative m ;. (Positive roots of the radicals 


are implied). In either case the energies are 3/, —4(/+1). The normalized 
linear combinations are 


(21 + 1)-2/2) (2 + m; + 3)'/?u(m; — 3/)6(3/e) 

F (1 — mz + 3)"2u(m; + 4/)8(— 4/0)} 
(20 + 1)-¥/9{ (1 — mj + 3)'*u(m; — $/)6(3/0) 

+ (+ m; + 3)"2u(m; + 3/)6(— }/0)}. 
In each case the first combination belongs to the state with j =/+}3, the second 


has 7=1—}. The stabilized wave function may then be written as an explicit 
expression in its quantum numbers, as follows: 


u(nljm;/) = (21 + 1)-/2f [1 + 3 + 2G — Dm;}!!2u(nlm; — 3/)6(3/c) 
— 2¢j — DOmj/| m;| e+ § — 2G — Dmj]"2u(nlm; + 4/)8(— 4/0)} (1) 


‘J. H. Bartlett, Jr., Phys. Rev. 35, 230 (1930). 
* A convenient explicit formulation of the Pauli spin operations is: 
5,5(m,/o) = 46(m,/—c) 
$,5(m,/c) im,5(m,/—o) 
$,5(m,/c) = m,5(m,/c) 
where the unit is 4/27 and m, = +}. 
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The coefficients may be abbreviated: 


u(n'l’j’m;'/) = frum’ — 3/)6(3/o) + g’u(m;’ + 3/)8(— 3/2). (1’) 
The two functions w(m;—4,/ ) and u(m;+4/ ) have the same radial part, so 
the radial part of the stabilized function may be separated from the rest. This 
fact later assumes importance in leading us to the radial integrals of Slater’s 
paper. 

2. Electrostatic energy. The next step is identical with a part of Slaters’ 
work (reference 1, Part 2, $2), being independent of the specialization of the 
single-electron wave functions. u(”/ ) may be the wave function for any 
state of which the four quantum numbers are represented by 2. The funda- 
mental states of the atom have as wave functions antisymmetric comina- 
tions of products of these single-electron wave functions. The integrals 
fu*IIu contain many terms, the number of which is reduced by consideration 
of the orthogonality of the electronic wave functions. The diagonal elements 
of the matrix of electrostatic interaction reduce to 


> (pairs of n’s)}J(n; 0’) — K(n; n’)} 
where 


J(n;n') = | u*(n/1)u*(n’/2)(e?/ryo)u(n/1)u(n’/2 


a 


K(n; n’) 


| u*(n/1)u*(n’/2)(e?/ry2)u(n/2)u(n’/1). 


3. Energy in (jj) coupling. The integrals (2) must now be determined for 
the special case of (jj) coupling. The electron wave functions u(u/ ) are 
u(nljm;/ ) of (1). A summation over the spin coordinates accompanies the 
integration. The summation having been made; K (iljm;; n‘l'j'm ;’) = 


. 
ry? | (e?/ris)u*(m; — 3/1)u*(m,’ — $/2)u(m; — 3/2)u(m/’ — 3/1) 


to 


1) 


/ 


+ fe'sh [Ce rio)u*(m; — 4/1)u*(m,’ + $/2)u(m; + $/2)u(m,/ — 
+ gf'fe' [ e/raurom, + 3/1)u(m’ — 3/2)u(m; — 2/2)u(m’ + 3/1) 


+ gg’? fe/nauron, + 3/1)u(m,’ + $/2)u(m; + $/2)u(m,’ + 3/1) 


= f?f?K(nlm; — 3; n'l’m;’ — 3) + g?g’?K(nlm; + 3; n'l’mj + 4) 
+ ff'ge’L(nlm;; n'l’'m;') 


where 





L(nlm ;;n'l'm ;' =2 [ (e?/ri2)u*(m; — 3/1) u*(m,’ +3$/2)u(m;+3/2)u(m;’ — 3/1) 
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Similarly, 
J(nljm;; n'l'j'm) = ff? (nlm; — 4; n'l'm,’ — 3) 
+ f?g’*J (nlm; — 3; nlm + 3) + fT (nlm; + 3; n'l’mj’ — 4) 
+ g?¢’*J (nlm; + 3; n'l’'m,’ + 3). (4) 
The integrals J and K are Slater’s integrals. He has tabulated the results of 
g 
the angular integrations. L is a new integral. It contains, in general, four 
different sets of unperturbed, single-electron quantum numbers ul,. There 
are, however, only two different sets of principal quantum numbers wl, so 
that the radial integrals are the same as some of those that Slater met. In- 


troducing the expansion for (1/r12) into the definition of L, along with the 
spherical harmonics for «(nln,/—), we get 


L(m;; mj’) = L(nlm;; n'l'm;’) 
= c*(Im; — 3; Um — 4)c*(Im; + 3; I'm,’ + )G*(al, nl’) 


where 


c*(lm; I'm’) = 





1 ‘(k —|m—m'|)! 1/2 ( (i —| m| )!) 12 
J ( 2 yt 
Ue +| m — m'| yh aid T+ 1m) yu 
(’ —|m’|)! 
(l’ +|m’|)! 


no | 





1/2 l 
Jer + 1) \ i) Py" \(x) Py" l(x) Py" \(x) dx 
/ =) 


G*(nl, n'l’) is a radial “exchange” integral defined by Slater. (If we consider 
the radial wave function R(wl/r) normalized to unity,® we define F* and G* 
without the factor (47)*). It is entirely fitting that we should have the same 
radial integrals in the two extreme couplings; another result would be in- 
consistent with sum rules. 

The coefficients c* are related thus to Slater’s coefficients: 


a*(Im, l’'m’) = c*(Im, lm)c*(I'm’, I'm’) 


b*(Im, I’m’) {c*(Im, I'm')\2 


c* may thus be had, except for sign,’ by taking the square roots of the values 
of b* tabulated by Slater. 

(2) says that the energy is the sum of the interactions of pairs of electrons. 
The interaction energy of two electrons in specified states is had by evaluat- 
ing (3) and (4) with the aid of tables of a*, b*, and c*. The energies so cal- 
culated for electrons in the various s, p, and d states, are listed in Table I. 


6 Condon and Shortley, Phys. Rev. 37, 1025 (1931); §2. 

7 To get c*, the square root of b* is to be taken with the negative sign for the following val- 
ues of (i, m; Ll’, m’; k): (1, +1; 1, +1; 2), (1, +1; 2, +1 or +2; 3), (1, +1; 2, 0; 1), (2, +2; 
2, +2; 2), (2, +2; 2, +1; 4), (2, +2; 2,0; 2), (2, +2; 2, +1; 4), and (2, +1; 2, +1; 4); other- 
wise positive. Also, b°(1, +1; 2, +2) is 45/245, not 9/245. The formulation of c* was suggested 
by consideration of non-diagonal matrix elements by workers at M.I.T. and Harvard, kindly 
communicated by M. H. Johnson. 
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TABLE I, Interaction energy of pairs of electrons. 
the table is also valid when the signs both of m; and of m;’ are changed.) 
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TABLE I. (continued) 











eo m; a m;' F°/1225)  F*/441 —G° —G*/1225 —G*/441 
dd 2 $/2 5/2 2 5/2 5/2 100 1 1 100 1 
2 $/2 5/2 2 5/2 3/2 —20 —3 0 120 4 
2 $/2 §/2 2 5/2 1/2 — 80 2 0 60 9 
2 $§/2 5S/2 2 5/2 -—1/2 — 80 2 0 0 14 
2 5/2 5/2 2 5/2 —3/2 —20 3 0 0 14 
2 5/2 5/2 2 $/2 —5/2 100 1 0 0 0 
2 $/2 3/2 2 §/2 3/2 4 9 1 4 9 
2 §/2 3/2 2 5/2 1/2 16 —6 0 48 10 
2 $/2 3/2 2 $/2 —1/2 16 —6 0 108 5 
2 $/2 3/2 2 $/2 —3/2 4 9 0 0 0 
2 $/2 1/2 2 $/2 1/2 64 4 1 64 4 
2 5/2 1/2 2 5/2 —1/2 64 4 0 0 0 
2 $/2 $/2 2 3/2 3/2 70 0 0 30 1 
2 5/2 $/2 2 3/2 1/2 —70 0 0 40 6 
2 $/2 S$/2 2 3/2 —1/2 —70 0 0 0 21 
2 3/2 3/2 2 3/2 -—3/2 70 0 0 0 ) 
2 $/2 3/2 2 3/2 3/2 —14 0 0 36 4 
2 $/2 3/2 2 3/2 1/2 14 0 0 2 15 
2 $/2 3/2 2 3/2 —1/2 14 0 0 32 30 
2 $/2 3/2 2 3/2 —3/2 —14 0 0 0 35 
2 5/2 1/2 2 3/2 3/2 —56 0 0 27 10 
2 $/2 1/2 2 3/2 1/2 56 0 0 6 24 
2 $/2 1/2 2 3/2 —1/2 56 0 0 25 30 
" 2 $/2 1/2 2 3/2 —3/2 —56 0 0 12 20 
2 3/2 3/2 2 3/2 3/2 49 0 1 49 0 
2 3/2 3/2 2 3/2 1/2 —49 0 0 98 0 
2 3/2 3/2 2 3/2 —1/2 —49 0 0 98 0 
2 3/2 3/2 2 3/2 —3/2 49 0 0 0 0 
2 @f3 t/2 2 3/2 1/2 49 0 1 49 0 
2 3/2 1/2 2 3/2 —1/2 0 0 


49 0 0 


! 
! 
i 
| 


| 
| 


The first columns list the quantum numbers specifying a pair of electronic 
states, and they are followed in the other columns by the energy coefficients 
belonging to the pair of states. To get the interaction energy of the states, 
J(nljm ;; n'V'j'm;') — K(aljm;; m'l'j'm ;'), we multiply the integral at the head 
of each column by the coefficient listed in its column, and add the products. 
In the case of more than two electrons, we must make a summation of these 
energies over the pairs of electron states, according to (2). 

This gives us the diagonal elements of the matrix of interaction energy. 
Because the wave functions are stabilized for spin-orbit interaction, non- 
diagonal elements exist only between states of the same magnetic energy— 
the states that are degenerate at the introduction of our present perturbation. 
My, is a constant of the motion, so the energy matrix is considered only in the 
squares characterized by the same set of (nlj)(m‘l’j’) - - - (n’‘l''j’’) and the 
same M,. The sum of the diagonal terms, which we now know, is the sum of 
the energies of the states with this set of electronic quantum numbers and 
with J2 M,. By taking differences* of such diagonal sums we get energies 
of the individual states (mlj)(m’‘l’j’) -- +» (n'1"77"")J. 


8 Example: In Table IT, the J =4 level of pd has the energy of the first dp state of Table I. 
The sum of the energies of this and the next level, J =3, is the sum of the second and seventh dp 
states of Table 1, namely, —12 F*/105 —36 G'/225 —86 G*/1225; and this, minus the energy for 
J =4, is the energy for the J =3 level. 
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4. Examples of electrostatic separations in (jj) coupling. This calcula- 
tion has been carried out for several configurations, involving the interactions 
of two, three, or six electrons. When the optical electrons are an almost- 
closed shell and one other electron, as in the configuration p*p’, there are two 
sets of parameters of electrostatic interaction. The integrals F*(nl, nl) and 
G*(nl, nl) express the interaction of the equivalent electrons in the almost- 
closed shell, and in the result contribute the same energy to each level of the 
configuration, so do not affect the separations. The integrals F*(ul, n‘l’) and 
G*(nl, n'l’) express the interaction of the single electron with the electrons of 
the almost-closed shell, and give interesting separations. 

Fig. 1 illustrates schematically the roles played by the electrostatic and 
spin-orbit interactions near extreme couplings, for the example p'd. The cal- 
culations described above give the coefficients of F*(nl; n'l’) and G*(nl; n’l’) 


($a,) (bay) 














(jj) (FATS) GANGYAD) | Galea (5) — (F739 G/91G7245) 
a J=3 | 9 27 el 
=3 je ——- 10 0 30 | me 
3 9 et del < 2 ' 7 47 2 
i ma © 0 Oo | ~~ 
2 - f |» 0 0 
2 : = ' 
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Fig. 1. Energy scheme of p*d near extreme couplings. 


listed on the left side, and for the right side the method of Slater is used. 
ad, and aq are the usual parameters of spin-orbit interaction (energy =a, 
(I,-sp) ) and their contributions are given by the vector model. (J =4) has 
been taken as reference level. 

The (jj) electrostatic energies for the configurations pp’, pd, dd’, p®s, and 
p®p’ are given in Table II. Corresponding energies in (LS) coupling, with 
which comparison may be made as regards sum rules, have been given by 
Slater! or by Condon and Shortley,® except for p°p and p'd. For p'd they are 
listed in Fig. 1, and for p'p they are 


1S, 3§ = — 2F2/5 + 2G° — 2G2/5 + 3G° 
1p, 8P = F2/5 — G — 2G2/5 
1D, 3) = — F2/25 — G — 4G2/25 + 662/25. 
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In the case of p°d it happens that the four levels with J =2 involve only one 
parameter of electrostatic interaction. For p*s and d’s the results are just the 
same as for ps and ds, respectively, and the latter have been given by Hous- 
ton. Experiment shows that the integral G*(nl; n’O) changes its sign between 
these cases,? due to the change in the radial parts of the electronic wave 
functions. 


TABLE II. Electrostatic energies for various configurations 




















. pp’ ’ P*p 
j’ J F2/25 G° G?/25 j j’ J F2/25 G° G2/25 
3 1 —1 -1 (3 —1 —1 —10 
3/2 3/2 J2 —3 1 —3 3/2 3/2 2 3 -1 — 6 
41 1 -1 -1 {1 a" -1 —10 
(0 5 1 5 (0 —5 3 —10 
3/2 1/2 ( 0 0 — 3/2 1/2 2 0 —1 — 6 
1 0 0 —5 0 -1 —10 
1/2 3/2 (? 0 0 —1 1/2 3/2 f2 0 -1 — 6 
1 0 0 —5 \l 0 -1 —10 
1/2 1/2 {1 0 -1 0 1/2 1/2 {j 0 —1 —10 
\0 0 1 0 0 0 1 —10 
pi dd’ 
ip ja J -F2175) —- —G1/225 —G3/1225} 5 i J F2/25. F4/49— G°s G2/1225- 4/441 
4 10 90 15 5 100 1 -1 —100 -1 
3/2 5/2 3 —22 —54 71 4 —140 -7 1 —140 — 7 
2 -—4 27 92 §/2 5/2 3 —116 19 —1 116 —19 
{1 28 -9 —84 2 28 —21 1 28 —21 
1 184 — 6 = —184 6 
(3 7 9 9 0 280 42 1 280 42 
3/2 3/2 J2 —21 3 63 
1 7 -11 189 4 70 0 Ss «= ~~} 
\0 35 15 315 5/2 3/2 3 —154 0 0 — 46 -9 
f — 28 0 0 47 —36 
1/2 5/2 {3 0 0 25 1 196 0 0 — 21 —84 
2 0 0 175 
4 7 0 0 =— 30 - 1 
1/2 3/2 {2 0 25 0 3/2 $/2 F —154 0 0 — 46 -9 
1 0 -—25 0 2 — 28 0 0 47 —36 
(1 196 0 0 - 21 —84 
3 49 0 -1 — 49 0 
3/2 3/2 F —147 0 1 —147 0 
1 49 0 —1 — 49 0 
0 245 0 1 245 0 














When neither of the electrons is in an s state, (jj) coupling is not realized 
in the extant spectral data. In configurations like p'd, the greater effective 
nuclear charge for the equivalent electrons augments one of the parameters 
of magnetic coupling, but the other remains small so that the four groups 
overlap in pairs. Comparison with experiment is therefore possible only after 
an extension of the results to intermediate coupling, similar to that which 
follows. 


ENERGY IN INTERMEDIATE COUPLING 


5. Combined perturbations.’ In intermediate coupling, the perturbation 
potential is a sum of two terms depending differently on the coordinates, 
H'=v+w. v and w are the spin-orbit and the electrostatic interaction. 
Among atoms with the same optical-electron configuration, the unperturbed 
wave functions differ from one atom to another in their radial parts, from one 
state to another in their angular parts. The secular determinant is then 


® Laporte and Inglis, Phys. Rev. 35, 1337 (1930). 
10 This is a more detailed formulation of the method of Goudsmit* than that given by him. 
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| Avi; + Bwi; — 4;| = 0. (5) 


Here A and B are radial integrals, and are considered as parameters that 
ditfer among the atoms, while the matrices 7;; and w;; are the same for all the 
atoms considered. (5) may be written 


€Y — (Alig + Blo) + €%~2(A%2o + A Bhro + Blo.) — --- = 0. (6) 


The roots €, are functions of the parameters A and B. The coefficients ¢,; are 
sums of products of v,¢ and w,,. The integrations involved are to be avoided 
by determining the coefficients from a knowledge of the energies in extreme 
couplings. 

6. Determination of the coefficients. From consideration of one pertur- 
bation at a time, we know the energies near extreme couplings (B/A or A/B 
small). In (jj) coupling (small B/A) we know the first two coefficients of the 
Taylor expansion 


e. (A, B) = ayel + B.B + SOR ge (7.1) 


the first from the vector model, the second from the calculations of this paper. 
In (LS) coupling (small 4, 8B) we have similarly 


e(A, B) = bkB+aAt-:--. (7.2) 


Here the coefficients ), come from the Slater calculation, and express the 
separation of the multiplets from one another, while a; constitute the 
familiar interval rule. In (6) the coefficient of (—)"e%~" is the sum of all 
products of m roots (7.1): 


DA Bit, 3;5 = De (aylA + B,B+---)(aA + B.B+---). 
7=U pac 
Assuming convergence of (7.1) for some finite B, we equate the coefficients 
of the same powers of B. If we know only the first two terms of (7.1), we get 
only the relations 


S. ,0 


do’ apa, +5 @s (nfactors) (8.1) 
paves 


tni131 = > 'Bpa, -+-a@,. (nfactors,one of them) (8.2) 


pq-::s 


An identical treatment of the case of small A/B gives 


lon = > 'bpb, -+ +b, (n factors) (8.3) 
acta 

tin = do'apbg -++b, (nfactors,oneofthema) (8.4) 
mawvel 


N is the number of states in the set with the same value of J. m has any value 
from one to NV. For N=3, (8) are 12 equations. The fact that ¢;,9 and ¢,; are 
determined in each extreme is equivalent to a well-known energy sum rule. 
For N >3, not all the ¢;; are determined. 

7. Example of intermediate coupling, the configuration p*. This con- 
figuration is easily determined both because of its few states and because of 














ENERGY RELATIONS IN COMPLEX SPECTRA 871 


the small number of parameters of equivalent electrons. The various levels in 
extreme couplings, and the corresponding large and small energies, are in- 
dicated in Table III. The central level has been selected as reference level." 























Taste III. 
i) (LS) 
P a B J a 
3/2 3 1/3 3/2 2 0 2p 
2 2 0 
1/2 0 2 
5/2 0 0 5/2 0 0 2D 
3/2 0 —5/3 3/2 0 0 
3/2 =f 1/3 3/2 —3 0 4S 
| °° 
| 2p 
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4r —_— we 
a a“ 
ee a ° 
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0 —— 
x/A 2 
| 2D 
-2e 








Fig. 2. 


Here B = Goudsmit's X = (3/25) F2(m1, m1). Using Slater's results, b, and the 
results of the vector model, a, and a, Goudsmit® has determined: 
(jj) : te. = — 9 (LS) : to. = — 1 
ho=--il toe = — 6 


11 A Jinear transformation of the variables e, A, and B, leaves the form of (6) unaltered. 
Here we subtract from ¢ the energy of the state with J=5/2, which is a linear function of 
A and B. 
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and the other ¢’s equal to zero, except fs,;. Using in addition the values of 
Bin (8.2), we get f2,,=15, thus completing the determination of the equation 


e+ &B — (9A? + 6B’) — 1542B = 0. 
For the sake of plotting in two dimensions, either A or B is taken as unit of 
energy, making the levels converge in (jj) or (LS) coupling, respectively, as 
in Fig. 2 and Fig. 3. In Fig. 3 a comparison of the theory with the experi- 
mental data is indicated, in the manner of a previous paper.° 
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Fig. 3. 


Such an extension to intermediate coupling is more difficult for configura- 
tions having non-equivalent, non-s-electrons. The first difficulty is introduced 
by secular equations of higher order, which cannot be treated by this method, 
but require more direct quantum mechanical methods, involving non- 
diagonal matrix elements. A second difficulty is that several radial integrals 
appear as paramaters, so as to render impossible any simple graphical re- 
presentation of the solutions. 

I thank Professors Goudsmit and Uhlenbeck for their instigating interest. 
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ULTRA-IONIZATION POTENTIALS IN MERCURY VAPOR 


By A. G. SHENSTONE 
PRINCETON UNIVERSITY 


(Received July 20, 1931) 
ABSTRACT 


It is shown that Takamine’s new ‘P,° level in Hg I is probably the lowest level 
from the structure d°s*. The positions of the other levels are discussed and it is shown 
that some of them will be negative. The phenomenon of auto-ionization is described 
and its effect on the negative terms is suggested as the cause for the existence of ultra- 
ionization potentials. Some remarks are made regarding perturbed series. 


HE discovery of a new *P,° term in the spectrum of Hg I by Takamine 

and Suga' and its verification by Paschen? leads to a probable ex 
planation of the hyper-ionization potentials in mercury, first found by Law- 
rence’ and afterwards extended by a number of others. The results are col- 
lected and compared with his own by P. T. Smith.* The explanation depends 
on the identification of the new term as 5d°6s*6p*P 2° and the observation that 
auto-ionization is effective in atomic spectra. 

The new term X*P,° is at y= 15295. If it is due to the structure mentioned 
above, its value, measured from its own ion is v= 15295+35514 = 50809, 
since the difference d'°s —d°s* of Hg II is 35514. A comparison with spectra in 
which similar structures occur, for instance Cu II, Au II, Ni I, Pd I, Pt I, 
shows that the value is a very reasonable one. The Rydberg denominator is 
1.4692. 

Some idea of the positions of the other levels of d°s*p may be obtained by 
an examination of d°p of Au II.° The levels in both cases include®! P®, D®, F°, 
The total span should be somewhat greater than twice the d*s* *D difference, 
i.e. about 30,000, so that the highest levels of the group will extend to about 
— 15000. The lowest level is almost certainly the *P," already found and 
above it by quite closely 2000 units should be *F;°. In the neighborhood of 
10,000 higher should come *F,°, *D3°, *D2°, *P,°. The remaining levels includ- 
ing the singlets and the last levels of the triplets should extend from about 
zero to —15000. In combination with known terms, *F3°, °F 4°, *D;° and *D».° 
can produce only lines of very long wave-length. *P,°, on the other hand, will 
have a combination with *.S; of wave-length around \6000 to 7000. Its value 
is possibly 7272, calculated from the two possible combinations \6868 2°.S— 
X°P,° and A18127.5 33D.2—X*P,°. Of the higher group,'D.° and *D,°, in com- 
bination with *D and 'D, should give lines in the region around A4500 to 


1 Takamine and Suga, Sci. Pap. Inst. Phys. and Chem. Res. Tokio 13, 1 (1930). 
2 Paschen, Ann. d. Physik 6, 47 (1930). 

3’ Lawrence, Phys. Rev. 28, 947 (1926). 

4P. T. Smith, Phys. Rev. 37, 808 (1931). 

§ McLennan and McLay, Proc. Roy. Soc. Canada 22, 103 (1928). 
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6000; but it is doubtful whether the high F° and P® levels can be found, as 
will appear from the following discussion of the effect of auto-ionization. 






AUTO-IONIZATION 













































There is a well-known effect in band spectra which is called predissocia- 
tion. The effect is an automatic dissociation of a molecule when the sum of its 
vibrational and electronic energies exceeds the energy necessary for dissocia- 
tion in some lower electronic system. Kronig has shown theoretically® that 
such radiationless transitions can take place only under very stringent quan- 
tum conditions. 

Professor Wigner has suggested to me that certain peculiarities of the 
copper arc spectrum may be logically explained on the assumption that a 
parallel action can take place in an atom. 

Beyond the ionization limit of any ion, there lies a continuum of possible 
energy states. That continuum may be considered to be composed of a set of 
continua, each one of which corresponds to an extension of an ordinary term 
sequence and retains the characteristic quantum numbers of that sequence 
i.e. for Russell-Saunders coupling the numbers LZ, S, J and the parity. But it 
is possible for an atom, by the excitation of two electrons, to exist in a state 
of energy-content more than sufficient to ionize it by the removal of the first 
electron. In such a state, there is the possibility of a radiationless transition 
carrying the excited atom into the state where it exists as an ion plus an elec- 
tron. A comparison of this case with that of predissociation, dealt with theo- 
retically by Kronig, makes it very probable that such transitions from a given 
state can occur if there exists a continuum characterized by the same L, S, J 
and parity as the state in question. This effect has been referred to as the 
Auger effect from its analogy to the effect in x-rays discovered by Auger; but 
I believe that it could much more logically be called auto-ionization. In the 
spectrum Cu I, the effect is very marked and it will be discussed more fully in 
a later paper in connection with the experimental results obtained in that and 
other spectra. 

From the discussion of the terms from the structure d°s*p of Hg I, it will 
be seen that 'P,°, 1D®, !F°, °D,°, *F.°, §P_° all probably lie above the ordinary 
ionization limit of the spectrum. They are therefore energetically in a posi- 
tion to show the effect of auto-ionization. But the continua following the 
limit correspond to odd P and F terms and even D terms. Therefore, we would 
expect the D® levels to possess lives of the ordinary magnitude, and the P° 
and F°® levels to exist for much shorter times and to pass over into ionization 
automatically. The effect on the spectrum will be that lines from the negative 
P° and F°® levels will be extremely diffuse, if they exist at all. By analogy with 
Cu I, it would be expected that the lines would be emitted only at very high 
vapour densities. 


ULTRA-IONIZATION POTENTIALS 


In experiments on ultra-ionization potentials, the observation is that ions 


6 Kronig, Zeits. f. Physik 62, 300 (1930). 
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are detected when the bombarding electrons attain certain particular veloci- 
ties greater than that corresponding to the ordinary series limit. I suggest 
that those ions are not a direct result of the electron impact, but that the 
primary process is one of excitation to a negative level, followed by auto- 
ionization. One would expect such a critical potential for each possible nega- 
tive S, P®, D, F°, etc., level. The potentials observed near the ordinary I. P. 
are probably due to the terms from the structure d°s*p but many higher ones 
could exist. For instance, d°s*s *D,D, the lowest even terms based on the 2) 
ion, should show the effect. On the other hand d'°p? *P should not give any 
ultra-ionization potentials and d!° p? 1S and 'D should. 

It should be noticed that, on this explanation, the observation of ultra- 
ionization potentials cannot be of much aid in the discovery of new levels be- 
cause such potentials correspond to levels which are very unlikely to pro- 
duce spectrum lines. 

The d'°p *P® sequences of Hg I show marked irregularities. The *P° se- 
quence is quite “Ritzian” but the *P,° shows a marked perturbation about 
the 4th and 5th terms and the *P,° sequence at the second term. The cause is 
not far to seek. The *P2° sequence is perturbed by X*P,2° and *P,° by the cor- 
responding *P,° which possibly has the value 7272. In the former case, the 
perturbation is of such a magnitude that it is impossible and perhaps mean- 
ingless to assign one of the levels to the ordinary sequence and the other to 
d*s*p. The evidence of. the line intensities, such as it is, would indicate that 
possibly the present choice is the less reasonable. 

R. M. Langer has shown’ that the quantum mechanics leads, in such a 
case as that under consideration, to a series formula in which n*=n+yp+ 
p/(o-v,), in which p is a constant and vo is the wave-number of a term 
foreign to the sequence. The *P2° sequence may be fitted to such a formula 
with reasonable accuracy, using either one of the possible levels as the second 
member. Such perturbations are closely analogous to the phenomenon of 
auto-ionization, and should be governed by similar quantum conditions i.e. 
the terms must all have the same L, S, J and parity. Kronig, in the paper re- 
ferred to above, has dealt with the parallel case in band spectra. 

Langer remarks in his letter that ‘The chief contribution of this work is 
the satisfaction one gets from the elimination of an apparent flaw in our no- 
tions of line spectra.’ Professor H. N. Russell and I have indeed felt that relief 
while recently making a survey of all the known preturbed series which have 
been so troublesome in the past. 


7R. M. Langer, Phys. Rev. 35, 649 (1930). 
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EXCITATION PROBABILITIES FOR ELECTRONS 
IN HELIUM, NEON, AND ARGON 


By L. C. Van Atta 
WASHINGTON UNIVERSITY 


(Received June 12, 1931) 


ABSTRACT 


Electrons scattered inelastically in the forward direction in helium, neon, and 
argon have been studied by means of an electrostatic analyzer. Energy distribution 
curves revealed the 21.11 and 22.96 volt losses in helium, the 16.6 and 18.5 volt 
losses in neon, and the 11.6 and 13.9 volt losses in argon. Careful measurements of 
the principal energy losses gave 21.13 +.04 volts, 16.64+.05 volts, and 11.53 +.05 
volts. The relative probability as a function of electron energy was determined for the 
21.11, 16.6, and 11.6 volt losses for electron energies between 100 and 300 volts. The 
21.11 and 16.6 volt losses increased with electron energy showing maxima at 200 and 
160 volts respectively. The 11.6 volt loss decreased sharply between 100 and 150 volts 
and then remained constant. Special study of ionization losses in helium showed that 
an ionizing electron may lose as much as half its remaining energy to the ejected 
electron, but that smaller losses are preferred. 


INTRODUCTION 


HE study of the scattering of electrons by gas molecules may be divided 
into two fields, elastic scattering and inelastic scattering. As elastic 
scattering predominates at finite angles, attention has been concentrated 
hitherto on this field. The determination of the absorption coefficient at dif- 
ferent electron energies gives an approximate measure of the probability of 
elastic scattering as a function of electron energy, the angle of scattering be- 
ing integrated from 0 to 180°. The dependence of this probability on scat- 
tering angle has recently been studied at large angles with very interesting 
results.!.*.5 
In the case of electrons scattered inelastically experimental difficulties 
are increased because of lack of intensity, so that the measurement of their 
distribution in angle has not been extended to large angles. Harnwell‘ and 
McMillen’ traced angular distribution curves as far as 20° and 35° respec- 
tively, and found them to drop sharply toward the zero axis. However, for 
the particular scattering angle, @=0+.a/(a is small), the intensity is sufficient 
to permit the accurate measurement of relative probabilities, provided that 
a suitable method for velocity analysis is employed. The purpose of the pre- 
sent investigation was to determine the relative probability for inelastic 
scattering of electrons in the forward direction as a function of electron en- 


'E. C. Bullard and H. S. W. Massey, Proc. Roy. Soc. A130, 579 (1931). 
* F. L. Arnot, Proc. Roy. Soc. A130, 655 (1931). 

’ J. M. Pearson and W. N. Arnquist, Phys. Rev. 37, 970 (1931). 

4G, P. Harnwell, Phys. Rev. 34, 661 (1929). 

5 J. H. McMillen, Phys. Rev. 36, 1034 (1930). 
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ergy. Helium, neon, and argon were chosen for study because of their many 
experimental conveniences, and because of previous work that has been done 
with these gases. 


METHOD 


Electrons from a hot filament are accelerated to the desired energy and 
pass into a field-free space where collisions with gas molecules may occur. 
Those continuing in the foward direction pass into an analyzing chamber so 
that the resulting energy distribution may be determined. 

An electrostatic means of energy analysis was adopted because of its ob- 
vious advantages over magnetic methods. The theory of the method was 
developed by Hughes and Rojansky® and the results tested experimentally 
by Hughes and McMillen.’ Electrostatic analyzers have since been employed 
by McMillen® and Rudberg®.® with satisfactory results. 

An inverse first power electrostatic field will cause an electron entering 
the field perpendicularly to move in a circular path whose center is at the 
axis provided that 


Vp = (2 log r2/ri)-V (1) 


where V is the electron energy in volts and V p is the deflecting potential ap- 
plied in the analyzer between cylindrical plates of radii r; and 72. Due to the 
magnitude of a, the half-angle within which electrons are collected by the 
analyzer, and due to the finite dimensions of the slits, the energy distribution 
curve for a strictly homogeneous electron beam will be found to be a peak 
with a base of finite width. The expression for the maximum value of this 
width is given by Rudberg :$ 


AV/V = 4/3a? + 3(L, + Le) /are? + (Wi + W2)/r0 (2) 


where L;, Le, and W,, W. are the lengths and widths respectively of the en- 
trance and exit slits of the analyzer, and ry is the radius of the circular path. 
Small errors in aligning the slits will decrease their effective area and hence 
the value of AV/V. The departure from homogeneity in the electron beam 
was due almost entirely to the thermal distribution of velocities. Calcula- 
tions from thermionic data showed that 95 percent of the electrons had ini- 
tial energies less than 0.75 volt, and graphical tests indicated that this dis- 
tribution would not appreciably widen the base of the peaks. 

Errors due to constant contact differences of potential, C, between the 
filament and the analyzer, may be avoided since V p is a measure of the true 
voltage applied to the electrons. The relation between V p and this true vol- 
tage may be found by using two different accelerating voltages and finding 
the corresponding deflecting voltages necessary to bring unscattered elec- 
trons to the collector. Substitution into an equation of the type 


6 
* 
‘ 


8 
9 


A. L. Hughes and V. Rojansky, Phys. Rev. 34, 284 (1929). 

A. L. Hughes and J. H. McMillen, Phys. Rev. 34, 291 (1929). 
E. Rudberg, Proc. Roy. Soc. A129, 628 (1930). 

E. Rudberg, Proc. Roy. Soc. A130, 182 (1930). 
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Vp = k(Va + C0) (3) 
and elimination of C gives the factor for converting deflecting volts into true 
accelerating volts. Errors in the determination of the separation between two 
peaks due to variable contact differences of potential may be eliminated by 
alternating in reading the positions of the peaks, and then averaging. 

APPARATUS 
A diagram of the experimental arrangement, together with the electrical 
connections, is shown in Fig. 1. The electron gun, bombarding chamber, 
and collector were made of brass, while the analyzing chamber and plates 
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Fig. 1. Diagram of electrical connections. 





were cast of special aluminum alloy. Electrons from an oxide-coated filament 
were accelerated to a platinum disc having a 2 mm circular hole. A short 6 
mm cylinder established the energy of the electrons more definitely. The 
bombarding chamber fixed the electron path length in the gas at 10 cm. The 
effect of the earth’s magnetic field was annulled with a pair of Helmholtz 
coils. The effect of the magnetic field due to the filament current was mini- 
mized by bringing the leads in close together, and by having a return path 
for the current close behind the filament. 

From the bombarding chamber electrons passed into the analyzing cham- 
ber through a pair of slits separated by 2 cm. The first slit (1 mm X5 mm) 
fixed a at 1°40’. The second slit (0.05 mm X5 mm) was made very narrow so 
that the pressure in the analyzer might be kept low. To ensure this condition 
a high speed diffusion pump was connected directly to the analyzer by a short 
length of large tubing. The mean radius of curvature of the plates was 4.4 cm 
and their separation 0.80 cm. The final slit of the analyzer had dimensions 
0.3 mm by 7.5 mm. The entrance slit to the collector (2 mm X10 mm) was 
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large enough to admit all electrons leaving the analyzer, but small enough to 
prevent an appreciable number of secondary electrons from escaping. 
We are now in a position to calculate from equations (1) and (2) that 


k = 2 log ro/r, = 0.365 


and that 


AV/V = 0.0009 + 0.0040 + 0.0080 = 0.0129. 


Experimental determinations of k, as described above, gave 0.371 in good 
agreement with the calculated value. AV was determined experimentally by 
measurement of the base of several peaks, average values being 1.5 volts for 
V4=100 and 2.4 volts for V4 = 200. 

The essential electrical connections are indicated in Fig. 1. The accelera- 
ting potential was applied to the center of the filament, while the electron 
gun and bombarding chamber were kept at ground potential. The deflecting 
plates were shunted by a high resistance with center grounded, so that the 
energy of electrons entering the analyzer midway between the plates would 
not be altered. Coarse variations in accelerating and deflecting voltages were 
obtained by variable taps on lead storage cells, and fine variations by poten- 
tiometer changes. 

Filament emission was of the order of 1 milliampere and bombarding cur- 
rents of the order of 0.5 microampere. Currents to the collector were suffi- 
cient to permit the use of a Compton electrometer under positive control 
(2500 mm/volt) with a high resistance shunt. The high resistances, ranging 
from 2X 108 to 3X10" ohms, were prepared by cathodic sputtering of plati- 
num on soft glass.'® A stable steady-deflection method for measuring electro- 
meter currents was essential for rapidly locating peaks and for securing quan- 
titative results. 

Gas pressure in the bombarding chamber was maintained by a steady 
flow method. Pressure was controlled by varying the helium pressure in the 
storage bulb by means of a U-tube of mercury, and by varying the rate of 
pumping by means of a series of holes of different diameters in the cut-off. 


PROCEDURE 


The exact procedure followed in taking the readings will merit some con- 
sideration. The first step was to obtain energy distribution curves for the 
inelastically scattered electrons, the purpose being to identify positively the 
inelastic peaks with known energy losses and to ascertain whether the resolv- 
ing power of the analyzer was sufficient to isolate peaks for individual study. 
The energy distribution curves were obtained by fixing the accelerating vol- 
tage and the gas pressure at given values and measuring collector current as 
a function of deflecting voltage. The difference between any inelastic peak 
and the elastic peak in deflecting volts was translated into energy loss in volts 
by means of equation (3). Each energy loss was then determined more ac- 
curately by reading alternately the positionof the elastic peak and that of the 


1 L. C. Van Atta, Rev. Sci. Instr. 1, 687 (1930). 
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inelastic peak, and taking the average difference. This study was repeated for 
several accelerating potentials between 75 and 300 volts. 

Having positively identified and definitely isolated a certain peak, its 
relative probability as a function of voltage was determined in the following 
way. The accelerating voltage was varied in 25 volt steps from 75 to 300 
volts, the bombarding current being kept constant by altering the filament 
current as required. For each accelerating voltage several different readings 
were taken. The deflecting voltage was adjusted to put the maximum of the 
elastic peak at the collector, and was recorded together with the collector 
current. The deflecting voltage was then altered to bring the maximum of the 
inelastic peak to the slit, the electrometer shunt being changed to give in- 
creased sensitivity, and the position and height of the inelastic peak were re- 
corded. 

The justification for using the height of the peak instead of the area as a 
measure of the probability lies in the fact that the peaks for any given ac- 
celerating voltage were roughly isosceles triangles with fixed base. The area 
was thus proportional to the height. After every alteration in the apparatus 
a test was made to ascertain that collector current was directly proportional 
to bombarding current. Each collector current measurement was divided by 
the corresponding bombarding current to correct for small fluctuations. 

A graph of the height of the elastic peak asa function of accelerating volt- 
age was plotted to obtain a correction to apply to the height of the inelastic 
peak because of the fact that the apparatus favored the collection of faster 
electrons. Since the elastic peak was composed almost wholly of electrons 
which had not suffered a collision of any kind, the height of this peak (when 
reduced to unit bombarding current) gave a measure of the efficiency of the 
apparatus for collection of electrons. The correction was made by dividing 
the inelastic peak (I. P.) by the elastic peak (E. P.) of the same energy. Since 
the inelastic peak at a particular accelerating potential is composed of elec- 
trons having an energy less than the accelerating potential by the amount of 
the energy loss, the elastic peak to use for correction must be read from the 
graph at a correspondingly lower accelerating voltage. Thus the I. P. ob- 
tained at an accelerating potential of 200 volts in helium is composed of 
electrons which, having lost 21 volts, retain an energy of 179 volts. The cor- 
rection to this I. P. is made by dividing by the E. P. obtained for an accel- 
erating potential of 179 volts, as read from the E. P. against V4 curve. 

Taking I. P./E. P. as a measure of the relative probability of a loss in- 
volves the assumption that the peaks are affected to the same extent by a 
number of factors: (1) Variation of absorption coefficient with electron en- 
ergy; (2) Residual magnetic fields; (3) Redistribution of intensity in the elec- 
tron beam with changing potential; (4) Varying space charge conditions; 
and (5) Contact potential differences at the edges of slits (especially of the 
narrow slit at the entrance to the analyzing chamber). It does not seem likely 
that this assumption is exactly realized for any one of the factors, but in each 
case the effect on the peaks would certainly be in the same direction. 
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RESULTS AND DISCUSSION 


A. Energy distribution curves. 


Typical energy distribution curves are shown in Figs. 2-7. In the case of 
helium no evidence was found for the 19.76 or 20.54 volt losses though both 
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would have been well resolved for an accelerating potential of 75 volts. In 
Fig. 2, the 21.11 and 22.96 volt losses corresponding to the first two terms of 
the singlet principal series (11S—m'P) are resolved. The third peak is com- 
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posed of all higher excitation losses unresolved. In Fig. 5, the 22.96 volt 
loss is merged with higher losses due to the decreased resolving power at 200 
volts. 





Fig. 5. Helium 
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Figs. 2, 3, 4, 5, 6, 7. Electron energy distribution curves in helium, neon and argon. 


The 16.6 (14S)—2°P,) and 18.5 volt losses in neon appear in Fig. 3. The 
peak indicating higher energy loss is probably the higher excitation losses un- 
resolved. The broad hump, indicating lower energy loss, would require the 
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existence of energy levels not given by spectroscopic data. A comparison with 
Fig. 4 would suggest argon as an impurity. To test this point Geissler tubes 
of the neon were prepared by Mr. R. L. Womer and spectrographs were taken 
by Miss Geneva Miller, but no argon lines were found. The question is left 
temporarily since it interferes in no way with the study of the probability 
of the principal loss. A distinguishing characteristic of the neon curves is the 
size of the 16.6 loss in comparison with other excitation and ionization losses. 

In Fig. 4 the 11.6 and 13.9 volt argon losses appear prominently, while the 
13.0 volt loss is barely discernible. The higher excitation losses are so promi- 
nent that it seemed worth while to measure their combined probability as 
well as that for the 11.6 volt loss. 

The principal energy loss for each gas was determined with as great ac- 
curacy as possible. In the course of the probability determinations the posi- 
tion of a peak was recorded each time its height was measured. Since these 
measurements were made by alternating rapidly between the elastic and 
inelastic peaks, errors due to changing contact potential differences were 
minimized. In addition some special measurements were made on helium, 
using a slightly altered scheme for applying and measuring the accelerating 
and deflecting voltages. The deflecting potential method consists in fixing 
V4 and finding the decrease in V p necessary to move from the elastic to the 
inelastic peak, and then using equation (3) to calculate the corresponding 
energy loss. The accelerating potential method consists in fixing Vp and 
finding the increase in V4 necessary to move from the elastic to the inelastic 
peak, thus avoiding the use of equation (3). The results are given in Table I. 
The spectroscopic values to be compared with these are given in Table II. 


TABLE,I. Energy losses in He, Ne and A. 














Average No. of de- Final Estimated 








Gas value terminations Method value uncertainty 
Helium a1 .i2 17 Defl. pot. 
21.19 | ETP 17 ."* 
21.10 = GRMeE22 Accel. pot 
21.14 . tee 9 - § 21.13 + .04 
a 
Neon 16.65 . 18 Defl. pot. 
16.63 mz 18 - " 16.64 + .05 
Argon 11.58 2 Il Defl. pot. 
12 + .05 


. ‘s 11.53 














_ TABLE II. Spectroscopic values corresponding to energy losses in Table I. 














Gas Transition Potential Reference 
Helium =i (st—“<sé‘<i SS NPS™~”:CSA tgs stst—~S 
Neon 1'S)—25P, 16.68 “ il 
16.58 “ 12 
Argon Mis? « 12 











" W. Hanle, Zeits. f. Physik 65, 512 (1930). 
® G. Hertz and J. C. Scharp de Visser, Zeits. f. Physik 31, 470 (1925). 
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In a number of curves the elastic peak was asymmetrical, Fig. 2 being the 
most marked example. This same feature is to be observed also in curves ob- 
tained by Rudberg with nitrogen.’ It may be explained as due to small 
energy losses at slit edges, to a special type of small energy loss in the gas, 
or to a departure from perfect refocussing in the analyzer. Calculations show 
that the last explanation probably is not sufficient. The question of small en- 
ergy losses in gases (of the order of half a volt) is soon to be made the subject 
of a separate experiment. 

A special study was made of energy distribution curves in helium above 
the ionization potential with a view to ascertaining how much energy beyond 
that required for ionization is given up by an ionizing electron. Accelerating 
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Fig. 8. Sharing of energy by ionizing electrons in helium. I, V4 =300 volts (corrected); 
II, V4 =200 volts (corrected); III, 14 =100 volts (uncorrected). 


potentials of 100, 200, and 300 volts were used, so that the ionizing electrons 
had 75, 175, and 275 volts respectively to share with the ejected electrons. 
The results were put in the form shown in Fig. 8 for comparison. The abscis- 
sae represent fractions of the energy of the bombarding electrons in excess 
of that necessary for ionization, and the ordinates give the number of bom- 
barding electrons which surrender these fractions to ejected electrons. Slight 
corrections have been added to the 200 and 300 volt curves to compensate for 
the fact that the apparatus favored the collection of faster electrons. This 
correction in the case of the 100 volt curve was somewhat uncertain and there- 
fore was not applied, but the effect would have been to raise the curve es- 
pecially at the lower end. It appears that an ionizing electron in helium may 
lose any fraction of its remaining energy up to at least half, but that the loss 
of smaller fractions is much more probable. This is not in agreement with re- 
sults obtained by others with mercury. Arnot found that 80 volt electrons 


8 F, L. Arnot, Proc. Roy. Soc. Al25, 660 (1929), 
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which are scattered at = 10° on ionization lose only 10.4 volts. On the other 
hand, Foard" found that ionizing electrons between 10 and 40 volts scattered 
in the forward direction may lose any fraction of their remaining energy, with 
the larger losses definitely preferred. 


B. Relative probability curves. 


To indicate the type of curves obtained for the variation of elastic peak 
and inelastic peak with accelerating potential, Figs. 9 and 10 for helium have 
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Figs. 9, 10. Variation of elastic and inelastic peaks with accelerating potential for helium. 


been included. It is apparent from Fig. 9 that a correction to curves for the 
inelastic peak is necessary. From the drop in the E. P. (composed almost en- 
tirely of unscattered electrons) with increased pressure it should be possible 
to calculate the absorption coefficient for the gas. The difference between the 
curves p=0 and p=0.0028 mm gives too large a value for a, and can be ex- 
plained only as due to a “contamination” of slit edges by the introduction of 
gas into the apparatus. Using the equation 


I, = I, exp [— alps — pL], 
44 C. W. Foard, Phys. Rev. 35, 1187 (1930). 
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the difference between the curves for p=0.0028 and pP=0.0106 mm gives a 

as a function of electron energy in satisfactory agreement with Normand’s 

values.” A comparison of the two curves of Fig. 10 shows that the inelastic 
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Fig. 11. Relative probability of 21.11 volt loss in helium. 
Fig. 12, Relative probability of 16.6 volt loss in neon. 
Fig. 13. Relative probability of 11.5 volt and other losses in argon (p=0.0034 mm). 


peak was proportional to the pressure for the pressures used. It is desirable, of 
course, that this condition be fulfilled, since it may be taken as a criterion for 
single scattering. 


* C. E. Normand, Phys. Rev. 35, 1217 (1930). 
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The relative probability curves are shown in Figs. 11-13. The curves for 
helium and neon are somewhat similar, while that for the 11.5 volt loss in ar- 
gon seems to be quite different from these. It is of interest to compare the 
curves in Fig. 11 for the 1.S—2!P loss in helium with the curves obtained by 
Michels'® for the optical excitation function of the 2'.S—3'P and 2'S—4!'P 
transitions. He found that the principal series curves after the drop following 
the initial sharp maximum rose steadily, reaching the height of the initial 
maximum at about 100 volts. The curves of Fig. 11 might be considered an 
extension of his, though the comparison would be more exact if the relative 
probability were measured with the scattering angle integrated from 0 to 7. 

There is a suggestion of a minimum at about 100 volts in neon. One is 
tempted to explain this as a faint indication of the marked rise toward lower 
electron energies seen in the upper argon curve. Bullard and Massey! (work- 
ing at finite angles of scattering) do not find the 11.6 volt argon loss and con- 
clude that the corresponding level must be metastable. While this loss be- 
haves quite differently from the others, it is still the most prominent at 200 
volts. To correlate these results with those of Bullard and Massey one must 
assume either: (a) that electrons which lose this energy are not scattered ap- 
preciably; or (b) that the probability drops again suddenly between 100 and 
40 volts. 

The second curve in argon represents the average relative probability 
for higher losses which come into greater prominence as the accelerating vol- 
tage is increased. This is in agreement with certain optical excitation function 
data which show higher losses favored at higher electron energies. 

The writer takes this opportunity to acknowledge his indebtedness to 
Professor A. L. Hughes, who proposed the problem and offered many helpful 
suggestions during the course of the work. 


1% \WW. C. Michels, Phys. Rev. 36, 1362 (1930). 
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THE EFFECT OF TEMPERATURE ON THE CONTINUOUS BAND 
SPECTRUM OF MERCURY VAPOR 


By WALTER M. NIELSEN 
DUKE UNIVERSITY 
(Received July 17, 1931) 


ABSTRACT 


The continuous bands of mercury vapor at 4850A and 3300A were excited by 
electron impact in the vapor at high pressures (1 to 10 mm of mercury) and low 
electron currents (1X 10~° amperes). Under such conditions the luminous regions are 
limited to striations. The potential difference between striations corresponds to ap- 
proximately five volts. Under the experimental conditions the excitation of the lower 
excited states of the mercury atom appears to be essential for the emission of the 
bands. A complementary variation in intensity of the two bands is observed. The 
3300A and 4850A bands are more intense at the cathode and anode respectively than 
they are in other portions of the discharge space. The variation in intensity of 2537A 
parallels that of the 3300A band. A measurement of two temperatures enabled the 
calculation of the temperature at the different striations from which the relative 
numbers of atoms in the *P; and *P,» states are determined from well-known proper- 
ties of resonance and metastable atoms. It is shown that the ratio of the intensity of 
the 4850A band to that at 3300A is directly proportional to the ratio of the population 
of the *P,) and *P; atomic states. The conclusion is that the excitation of the *P» state 
is essential for the radiation of the 4850A band and that the *P, state is associated 
with the 3300A band. 


T IS well known! that when dense mercury vapor is excited either by elec- 

tron impacts or by the absorption of certain spectral lines or bands that 
two broad and apparently structureless bands are observed in the emitted 
radiation. One of these bands is in the visible portion of the spectrum and has 
a maximum intensity at about 4850A. A similar band having an intensity 
maximum at 3300A is observed in the near ultraviolet. With prolonged ex- 
posure, these two bands merge and the continuous radiation is observed to 
extend from the red to the mercury resonance line at 2537A where it abruptly 
ends. 

It is the purpose of this paper to present some new observations on the 
effect of temperature on the relative intensities of the 4850A and 3300A bands 
of mercury vapor and to suggest an interpretation of their origin based on 
the results here recorded and the known properties of excited atoms as ob- 
tained from other studies on the quenching of resonance radiation and the life 
of metastable states. 


EXPERIMENTAL 
The experimental tube is shown in Fig. 1. Radiation was excited in the 
spherical Pyrex vessel A, to which was attached another spherical vessel B, 


1 See Finklburg, Phys. Zeits. 31, 1 (1930) for a résumé of work done on the band spectrum 
of mercury. 
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which served as a liquid mercury reservoir. The two spheres were exhausted 
of air through a tube C, and were heated by separate electric furnaces, the 
temperatures being controlled by thermoregulators in such a way that the 
temperatures were kept constant to within 0.1°C throughout a run. To insure 
an accurate knowledge of the vapor pressure in the discharge sphere A, the 
sphere B was always maintained at a lower temperature, and a steel ball at £ 
was pulled up by means of a wire into the ground concave surface at D. This 
motion was effected by means of a small electromagnet and a soft iron plunger 
attached to the other end of the wire. 

Electrons from an oxide-coated equipotential cathode F; were accelerated 
by means of a potential difference, V,, towards a similarly formed electrode 
F, from which the oxides were removed before assembly. The separation be- 


C 
D 
° * em 
































Fig. 1. Experimental tube. 


tween cathode and anode was 2 cm; in the figure this distance is multiplied 
by two. The cathode and anode assembly is more completely displayed in 
Fig. 16. As indicated, a thin sheet of nickel partially surrounded the two fila- 
ments and was formed in such a way as to tend to make the electric field be- 
tween cathode and anode more uniform. These sheets of nickel were always 
maintained at the same potential as the cylinders of F; and F, respectively. 

The residual gas pressure was not detectable on a McLeod gauge reading 
to 10-°> mm of mercury and the degassing of the filament assemblies was car- 
ried to a stage such that at the end of a series of exposures (1-8 hours) no 
gases were detectable when the steel ball was lowered and the gases trapped 
by means of a mercury seal and a reading taken on the McLeod gauge. 

With the fairly dense mercury vapor (pressures of 1 to 10 mm of mercury) 
as here employed, and low electron currents (1X 10-* amperes), the emitted 
radiation appeared in well-defined striations between F; and Fy». Such radia- 
tion was photographed by means of a small Hilger quartz spectrograph 
through a quartz window shown by the dotted circle in Fig. 1. The radiation 
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was condensed onto the slit of the spectrograph by means of a quartz lens, 
in such a way that the slit of the spectrograph was in the image plane of the 
plane detined by the two electrodes F, and F2. 


RESULTs AND Discussion 
Typical spectrograms obtained under the conditions outlined above are 
reproduced in Fig. 2. Visually the radiation appears as striations and the 
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Fig. 2. Typical spectrograms of radiation emitted in striations with 
; mercury arc spectrum at (a) and (7). 


spectrograms such as (b) of Fig. 2 show that the radiation emitted by mer- 
cury vapor under such conditions is confined to the broad visual band at 
4850A, the ultraviolet or 3300A band, and what is apparently the resonance 
line of mercury at 2537A, but which may also be made up in part of the 2540A 
band of mercury. For our purposes, there are several significant features of 
the spectra to be here considered, (a) the variation in the number of striations 
with applied voltage, (b) the sharpness of the striations, (c) the appearance 
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of the continuous and absence of are radiation except 2537A, and, (d) the 
complementary variation of the intensity of the 4850A and 3300A bands. 
Spectrograms (c), (d), and (e), show the effect of a variation of the applied 
voltage V, on the number of such striations. The applied voltages were 23, 33 
and 43 volts respectively. The corresponding number of striations are 3, 5 and 
7. Apparently an increase of 10 volts in each case increases by two the num- 
ber of observed regions in which radiation is produced. With extremely low 
currents and moderately high pressures it was possible to detect photo- 
graphically as many as 16 striations without any deviation from the linear 
relation between the increase in the number of such striations and the increase 
in the applied potential difference. The variation in the number of such stria- 
tions for changes in the value of V, is such that we infer the difference in 
potential between adjacent striations to be very nearly 5.0 volts. This result 
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Fig. 3. Energy levels of mercury atom. 
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is in agreement with the observation of Grotrian? who measured the potential 
difference between such striations under conditions which approximate those 
of the present experiments and who found that the potential difference be- 
tween striations to be approximately 4.9 volts. 

We may infer from the sharpness of such striations that practically all 
of the electrons must make an inelastic collision in traversing a relatively 
short distance in the forward direction of the electric field. This is very defi- 
nitely demonstrated by the absence of radiation corresponding to the higher 
excited states as would be expected from a consideration of the energy dia- 
gram of Fig. 3, in which a few of the lowest energy states are indicated. This 
fact, together with the linear dependence of the number of striations on ap- 
plied voltage and the well-known results obtained in the determination of the 
resonance potentials in mercury vapor* makes it plausible to assume that in 
the present experiment, the primary process is the excitation of the *P; and 


2 W. Grotrian, Zeits. f. Physik 5, 148 (1921). 
8 Ruark and Urey, Atoms, Molecules and Quanta, p. 70. 
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’P) states of the mercury atom. Now the *P, state is metastable and we would 
in general expect the transition probability to this state by light absorption 
to be small compared to those transitions ending on the *P; state. In the case 
of excitation by electron impact, such forbidden transitions may be more 
probable, due to the inhomogeneous field at impact.‘ In spite of this fact, it is 
generally believed’ that such transitions when induced by electron impact are 
less probable than those ending in a radiating state such as *P;. As we shall 
see later a metastable atom produced by electron impact may receive energy 
from a collision with a normal atom and thus rise to the *P; state and that 
consequently the relative numbers of atoms in these states will be affected 
by secondary processes such as collisions between normal and excited atoms. 

As previously mentioned, one of the striking features of the observed spec- 
tra is the large amount of continuous radiation compared to the radiation 
emitted at wave-lengths normally associated with the mercury atom. By far 
the greater portion of the emitted radiation is in the form of continuous bands. 
Now Franck and Grotrian® have pointed out the possibility of the formation 
of an excited molecule by the combination of an atom in an excited state with 
an atom in the normal state. Houtermann? in his study of the fluorescence 
radiation of mercury vapor assumes such processes to take place, and by a 
measurement of the intensity of the green and ultraviolet bands emitted by a 
moving column of vapor as a function of distance from the point of initial 
excitation by the 2537A line, inferred that the green band is to be associated 
with the *P, state and that the ultraviolet band is to be associated with the 
‘P» state. He assumed that when such an excited molecule dissociates, the 
frequency of the light emitted may be expressed by the equation 


E = Ds, +V, + lw 


where E is the energy of the activated molecule, Vis the relative translational 
energy of the atoms on dissociation, Ds, is the heat of dissociation of the nor- 
mal molecule and v is the frequency of the radiation accompanying the pro- 
cess. The above conclusion of Houtermann that the green band is associated 
with a molecule formed by a normal and a *P, atom, and that the ultraviolet 
band is to be correlated with a molecule formed by a normal and a *P excited 
atom was based on the observation that in his work the intensities of the two 
bands did not decay at the same rate. It is very questionable if great signifi- 
cance can be placed on such observations for the relative intensity of the 
two bands can be affected by agencies other than the time required for the 
excited vapor to move from the point of initial excitation to the point of ob- 
servation. As observed by others! and as should be quite apparent from the 
results herein presented the relative intensity of the two bands in question 
are greatly affected by temperature. We shall therefore next consider in some 
detail the complementary variation in intensity of the two bands. 


4 Franck and Jordan, Anregung von Quantenspriingen, p. 170. 
5 Ruark and Urey, Atoms, Molecules and Quanta, p. 477. 

6 J. Franck and W. Grotrian, Zeits. f. Physik 4, 89 (1921). 
™F. G, Houtermann, Zeits. f. Physik 41, 140 (1926). 
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An examination of (b), (c), (d), (e), and (h) of Fig. 2 shows that, in general 
at the cathode the green band is quite faint, if at all detectable, and that to- 
wards the anode where the temperature must be very nearly that of the walls 
of the tube, the green band becomes progressively more intense. The inten- 
sity of the ultraviolet band undergoes a similar variation, but in the reverse 
direction—relatively very intense at the hotter portion of the tube near the 
cathode and weak at the anode. In order to be certain that this variation in 
intensity is due to the temperature of the vapor and not something else, the 
lower element F: was heated. The exposure (f) was taken when no current 
was flowing in the heater of F, and is to be compared with (g) where the tem- 
perature of the anode was considerably more than that of the cathode. In 
addition to the destruction of the visible band at 4850A and a complementary 
enhancement of the ultraviolet band, the resonance line at 2537A undergoes 
an enhancement parallel to the variation in intensity of the 3300A band. One 
would normally expect the pattern in the resonance line to be quite blurred 
due to absorption and re-emission. The fact that it is not, in general, indicates 
that the vapor must be quite transparent to at least a portion of the radiation 
at this wave-length, due possibly to the fact that the temperature of the dis- 
charge space was higher than the temperature of the walls of the tube. This 
fact must be taken into consideration when interpreting the variation in in- 
tensity of the radiation in this region. It is important to observe, however, 
in this connection that the general background, that is, the radiation between 
striations, is also more intense at the hotter positions in the discharge space, 
as I hope will be clear in the reproduction of (g), so that it appears as though 
there is a real parallelism between the variation in intensity of the 3300A 
band and that of the line at 2537A. Additional evidence for this will be given 
later. The complementary variation in the intensity of the 4850A and 3300A 
bands and the variation of the intensity of the resonance line suggests that 
the 3300A band may be in some way associated with the *P,; state of the mer- 
cury atom, and that the green band is in some manner connected with the 
metastable *P» state. 

In addition to the qualitative observations so far considered, an attempt 
was made to obtain a more quantitative estimate of the effect of temperature 
on the relative intensity of these two bands. For this purpose, the cathode 
temperature was reduced to 540°C as measured by means of a L. & N. optical 
pyrometer. A low cathode temperature was employed so as to enhance the 
intensity of the green band. The radiation observed under such conditions is 
shown in (j) of Fig. 2. Microphotographic records of (j) in the region of the 
maxima are shown in Fig. 4. A Moll microphotometer was used. The point of 
maximum intensity was chosen in order to obtain information on as many 
striations as possible. Densities calculated from such records were converted 
into relative intensities by means of a D—log E curve for these two wave- 
lengths constructed from the density marks on a plate of the same emulsion 
number and developed at the same time as (j). Neutral plates of known den- 
sity were used in the plate calibration. The results of such measurements are 
given in Table I. The striations are numbered from the cathode to the anode. 
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TABLE I. Intensities of the violet and green bands at various temperatures. 
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Cathode -- — 813°K — 0 
Striation No. 1 5.66 -- 745 30 21.5 
Striation No. 2 4.69 2.06 677 42 40.5 
Striation No. 3 2.91 2.47 616 62 57 
Striation No. 4 2.24 2.67 559 90 71 
Striation No. 5 1.84 3.01 §22 124 80 
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Fig. 4. Microphotograms from (j). 


The numbers in the second column give the relative intensities JC, of the 
striations in the ultraviolet band, and those in the third column refer to the 
relative intensities Jg, in the green band. The sixth column are numbers which 
are proportional to the distance x, between the cathode and the various stria- 
tions. Such numbers were obtained from a measurement of the position of the 
centers of the striation on the photographic plate. The fourth column gives 
the temperature in absolute units at the various striations. These tempera- 
tures were calculated in the following manner. 

For purposes of simplification we assume the temperature to be constant 
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in planes perpendicular to x, where x is defined above. When equilibrium is 
attained, the temperature at any point must be constant so the equation of 


heat flow becomes 
0 oT 
“(K —) = (). (2) 
Ox Ox 


The conductivity K is not constant in this case, for from kinetic theory 
K = 4Nméa\CV (3) 


where NV is the number of atoms per cc, m is the mass of the atom, é the aver- 
age speed of the atoms of the vapor, \ the mean free path and CV the specific 
heat of the gas. In the steady state the pressure will be constant and therefore 
N is proportional to 7~'. The mean free path is proportional to N~! and there- 
fore to 7, and the average speed will vary as 7"*. The other factors entering 
into K may be regarded as constants so that we infer that the heat conductiv- 
ity will be proportional to the square root of the absolute temperature and 
write (2) in the form 


If one writes this in the form 





the solution is readily seen to be 
T3/2? = a+ bx (5) 


where the constants a and b are obtainable from the assignment of the tem- 
perature at two values of x. This has been done assuming the anode tempera- 
ture in the exposure (j) to be the same as the temperature of the walls of the 
tube which in this case was 477°K. The cathode temperature was 813°K as 
previously stated. The values of 7° given in column 4 of Table I were calcu- 
lated from (5) for the various values of x given in column (6). 

Before we proceed to a comparison of the observed intensities at various 
values of 7 it will be interesting to recall some of the effects of temperature 
on the relative populations of atoms in the *P») and *P, states. Such calcula- 
tions have been given by others’ and we give here briefly a restatement of the 
essential of the argument as treated by Gaviola. 

We shall assume that the primary process occurring in the striations is 
the excitation by election impact of the mercury atom to the resonance state. 
Atoms may leave the *P; state and enter the *P» state by collisions of the 
second kind. If under equilibrium conditions N, is the population of the *P; 
state and No is the population of the *P» state and if FE,’ is the efficiency factor 


§ See for example P. D. Foote, Phys. Rev. 30, 288 (1927); M. W. Zemansky, Phys. Rev. 
34, 213 (1929); E. Gaviola, Phys. Rev. 34, 1373 (1929). 
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for collisions of the second kind, then the number of collisions per second 
producing *P») atoms is 


N Z’E,’ (6) 


where Z’ is the total number of collisions suffered per second by a *P; atom. 
Now the population of the *Po state is given by the product of the number of 
metastable atoms produced per second and the mean life 79 in the metastable 
state so 


No = N,Z'E\'r9 or No/ Ni, = Z'E\'to. (7) 


We see that in order to determine the ratio of Vy to Ny it is necessary to ex- 
amine the factors which determine the mean life 79. 

At low vapor pressures the life 79 is limited by the average time required 
for the metastable atoms to diffuse to the walls where they are destroyed. 
At higher pressures, such as concern us in this work, the number of metasta- 
ble atoms destroyed in this manner must be negligible compared tothe number 
which are destroyed by being raised to the *P; state by a collision of the first 
kind. Thus if Z is the number of collisions per second between a metastable 
and normal atom and if @ is the average number of collisions required in 
order that one collision have sufficient energy to effect the change, and if 
F, is the efficiency factor for such collisions of the first kind then the proba- 
bility of destruction by this cause is 

P, = ZE\/a (8) 
where a is given by the reciprocal of the Boltzmann distribution formula 
1/a=e-"!*" where W is the energy difference between the *Py and *P, states. 

It is also possible that metastable atoms may be destroyed by collisions 


with normal mercury atoms or by molecular formation. If we let ZE»2 be the 
probability of the above two processes 


P2 = ZEx. (9) 


The probability of the emission of 2656 (1.S)—*P») appears to be so small in 
our work that we shall neglect it. The probability of the destruction of a 
metastable atom is the sum of the individual probabilities, so 


Po = Pi + Po. (10) 


The mean life 79 is the reciprocal of this probability, so, substituting (8) and 
(9) into the reciprocal of (10) gives 
1 
(ZE,/a) -+- ZEz 





(11) 


TO 


If we now assume that the collision areas of metastable with normal atoms 
and *P,; atoms with normal atoms are the same and further if E,!= E, then 
substituting (11) into (7) we have for the ratio of the concentrations in the 
two states 
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The results of Zemansky* indicate that £, is of the order of unity and at the 
pressures and temperatures employed in our work, £2 would appear* to be 
small compared to 1/a@ so that we have finally 


No/Ni = a. (13) 





(12) 


The calculated values of a for the various striations are given in column 

5 of Table I, and the ratio of the intensity in the green band to that in the 
ultraviolet is plotted as a function of a in Fig. 5. The closeness with which the 
points fall on a straight line through the origin must be due in part to a can- 
cellation of errors introduced by the necessary approximations required. The 
linear dependence between the ratio J;/J]V and a@ as strongly suggested by 
Fig. 5 points quite definitely, it would appear, to the conclusion that the 
states which are responsible for the production of these two bands, obey, in 
2 

a 


a I 
; 







(7) 20 


x 


Fig. 5. Relation between the ratio of the relative intensity of green band to relative intensity 
of ultraviolet and a at the various striations. 


the temperature interval thus far considered, the Boltzmann distri#ution 
formula and that the energy difference between these states is that corre- 
sponding to the energy difference between the *P; and *Po states of the mer- 
cury atom. Granting the original suggestion of Franck and Grotrian as to the 
formation of excited molecules by the union of normal and excited atoms we 
conclude that the green band is to be associated with the metastable state 
of the mercury atom and that the ultraviolet band is to be associated with 
the *P, state. 

There is yet to be mentioned one other observation on the variation of the 
intensity of the 3300A band. With extremely high cathode temperatures such 
that the striation nearest the cathode was in a region having a temperature 
of 500°C or more, its intensity under such conditions was less than the in- 
tensity of the next adjacent striation. Beyond the second striation the in- 
tensity variation was the same as shown in Fig 2. The same phenomena has 
been observed by others.! This variation in intensity is accompanied by a 
similar variation in the intensity at 2537A. This last observation supports the 
qualitative inferences previously given on the parallelism between the varia- 
tion in intensity of this line and the 3300A band. The green band is so weak 
at these higher temperatures that nothing can be said from this work as to 
its intensity variation with temperature. Transition probabilities between the 
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§Py and *P; states and between excited states and the normal state might be 
expected to depend in part on the character of the potential energy curves of 
quasi-molecules formed by collisions between such atoms,’ and it may be that 
the explanation of the decrease in intensity of the 3300A band and the 2537A 
line at the elevated temperatures is connected with the characteristics of such 
potential energy curves. 

In conclusion, I wish to thank Mr. Buttoph of the General Electric Vapor 
Lamp Company for cathodes used in the present work and to acknowledge 
my indebtedness to Dr. W. F. G. Swann of the Bartol Research Foundation 
where this investigation was carried out for his aid and criticisms, and to the 
National Research Council and Duke University for making this work pos- 
sible. 


*O. K. Rice, Phys. Rev. 37, 1187 (1931). 
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SPECTRAL FLUORESCENCE EFFICIENCIES OF CERTAIN 
SUBSTANCES WITH APPLICATIONS TO 
HETEROCHROMATIC PHOTOGRAPHIC 

PHOTOMETRY* 


By GeorGE R. HARRISON, MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
AND Puitip A. LEIGHTON, STANFORD UNIVERSITY 


(Received July 23, 1931) 


ABSTRACT 


In extending the method of fluorescence photographic photometry recently de- 
scribed by the writers from homochromatic to heterochromatic usefulness, experi- 
ments have been carried out on the efficiencies of fluorescence of various substances 
in the visible and ultraviolet regions. A number of substances fluorescing at wave- 
lengths between the red and the ultraviolet have been tested, and many of these have 
been found to exhibit the same variation of fluorescence efficiency with wave-length, 
when in a pure state and in solutions of proper concentration. The intensity of the 
fluorescence light emitted by them when illuminated with light of constant intensity 
at different wave-lengths was measured and found to be such that the number of 
quanta emitted was practically proportional to the number of incident quata over a 
wide range of wave-lengths. This is in contradiction to certain results previously an- 
nounced by other workers who found the emitted energy proportional to the incident 
energy, but is confirmed by other results and by well-known photochemical laws. 
Small traces of impurities in certain of the fluorescing substances, particularly aescu- 
lin, produce large variations in the efficiency of response, which appears to explain the 
conflicting results previously obtained. The general relation found is applied to the 
development of a simplified method of heterochromatic photographic photometry 
useful in the range 3900-20004, which it is believed can be extended to the Schumann 
region. The end desired is attained by photographing the fluorescence light emitted 
when the spectrum is allowed to fall on a plane surface of the substance, or by use of 
a dry plate with fluorescent coating, which shows not only constant contrast but 
almost uniform quantum sensitivity over a large spectral region. Small corrections 
need to be applied for variation in reflecting power of the coated emulsion, but these 
are all of the type which can be measured and controlled by homochromatic pho- 
tometry. 


I, PREvious DATA ON FLUORESCENCE EFFICIENCIES 

WO of the most arduous requirements of photographic photometry are 

the calibration and standardization of the photographic plates used, i.e., 
the determination of the density—log-intensity curves of the emulsion for 
each wave-length desired, and the measurement of its variation in sensitivity 
from one spectral region to another. If a dry plate could be developed which 
showed uniform contrast at all wave-lengths, and which obeyed some general 
law of sensitivity variation both problems would be greatly simplified. The 
experiments described here were undertaken with a view to developing such a 
plate by making use of certain properties of fluorescent substances. 


* Much of the material discussed in this paper was presented at the Cleveland meeting of 
the American Physical Society, December 1930. 
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We have recently shown! that ordinary dry plates coated with certain 
fluorescent oils show constant contrast at all wave-lengths lying in the region 
of continuous absorption of the oil used, which in certain cases extended from 
3300A to at least 900A. We have since? eliminated the variation in surface 
sensitivity occasioned by the flowing of the oils, together with the necessity 
of removing the oil from the surface of the emulsion prior to development, 
by using a fluorescent layer consisting of a coating of aesculin dissolved in 
gelatine which was allowed to dry on the original emulsion. In this way con- 
stant contrast was obtained at all wave-lengths below 3900A at least as far 
down as 2300A, and probably as far down as the plates are sensitive, the 
lower wave-length limit being presumably set by the absorption of the gela- 
tine. 

Anderson and Bird* found that they obtained exact agreement in the re- 
gion 3350A to 2537A between spectral energy measurements made by means 
of a thermopile and by means of an optical fluorescence photometer employ- 
ing aesculin, fluorescein, or uranium glass. Their results led us to expect that 
fluorescence methods of the type we had been studying would show uniform 
sensitivity at all wave-lengths for which they are suitable. In making the 
tests described below on this point, however, we found that curves which were 
expected to be horizontal straight lines were in fact hyperbolic, and such as to 
indicate that a uniform quantum efficiency rather than a uniform energy effi- 
ciency existed, a result much more in accord with the present picture of the 
quantum mechanism of fluorescence. From the known laws of photochemistry 
it appears more reasonable to suppose that the same number of fluorescence 
quanta will be emitted per 100 incident quanta no matter what the size 
(within limits) of the latter than that this fraction will vary in just the proper 
way to keep the amount of emitted energy proportional to the amount of 
incident energy. We accordingly investigated the literature further, and found 
that Nichols and Merritt‘ had noted a decrease in the energy efficiency of 
fluorescence of eosin and resorcufin at shorter wave-lengths, and that this 
decrease appeared about of the magnitude that one would expect to find if a 
uniform quantum efficiency existed. Wawilow® found that fluorescein showed 
a definite proportionality of the energy efficiency to the wave-length in the 
region 4047—2537A, indicating a uniform quantum efficiency, while aesculin 
solutions gave a fluorescence efficiency independent of wave-length in the 
same region, the former result being in contradiction and the latter in agree- 
ment with the results of Anderson and Bird. As the difference in the two 
results involves a discrepancy of about 40 percent some unknown variable 
factor appears to be operating. We accordingly determined to make a careful 
study of the efficiency of fluorescence of various substances in the desired 
range. 


1 Harrison and Leighton, J.O.S.A. 20, 313 (1930). 

2 Harrison and Leighton, Phys. Rev. 34, 779 (1930). 

3 Anderson and Bird, Phys. Rev. 32, 293 (1928). 

* Nichols and Merritt, Phys. Rev. 31, 381 (1910). 

5 Wawilow, Phil. Mag. 43, 307 (1922); Zeits. f. Physik 22, 266 (1924); 42, 311 (1927). 
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II. APPARATUS FOR MEASURING RELATIVE FLUORESCENCE 
EFFICIENCIES AT DIFFERENT WAVE-LENGTHS 


A special monochromator was constructed, having quartz-fluorite achro- 
matic lenses and a Cornu prism. The achromatic feature is very desirable so 
that a constant aperature may be kept for all wave-lengths, and if a suffi- 
ciently wide slit is used the spectral images are all of the same size. When 
this is the case a single thermopile reading gives the true intensity of a line; 

AN ” 
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Fig. 1. (a) Quartz monochromator with achromatic lenses arranged to project a spectrum 
of constant magnification on a fluorescent surface, the resulting “homochromatic spectrum” 
being then photographed with a camera through the fluorescent material. A thermocouple or 
pile could be substituted in place of the fluorescent material, so that the energy distribution in 
the spectrum could be determined. (b) and (c) Alternative arrangements which allow the 
fluorescence light to be photographed from the front surface of the fluorescing material. 


with the monochromators ordinarily used this is not true, and all spectral 
intensities should be integrated or special corrections applied. We have aver- 
aged a large number of runs through the mercury spectrum obtained with 
our instrument both by integrating and by merely reading maxima, and find 
no systematic deviations between the two averages. The prism was kept fixed, 
the thermopile being moved across the spectrum so that the line intensities 
were measured under exactly the same conditions as were used when they 
were all allowed to fall simultaneously on different portions of the fluorescent 
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material. This arrangement of apparatus is shown in Fig. 1 (a). S is a quartz 
mercury arc run from a storage battery under constant conditions at 73 volts 
and 3.2 amps. Light from this passes through a slit 0.5 X3 mm, and the mer- 
cury spectrum is spread out by the monochromator .J/ in the plane F, where 
a quartz cell with plane windows containing the fluorescent material being 
studied is placed. From the far side of the cell one sees the spectrum lines, 
but all below a certain wave-length appear of the same color, the fluorescent 
light in most of the substances studied comprising a comparatively narrow 
band of wave-lengths in some portion of the visible spectrum. An image of 
this “homochromatic spectrum” is now thrown on the photographic plate P 
by means of two quartz lenses whose distance apart can be varied to provide 
accurate focusing for light from materials which fluoresce with different colors, 
care being taken that none of the visible light not absorbed by the fluorescent 
material reaches the plate. R represents a filter whose transmission to the 
fluorescent wave-lengths is known; by photographing the homochromatic 
spectrum through filters of varying known transmissions data were obtained 
to calibrate the plate for the fluorescence wave-lengths. The filters were ap- 
proximately neutral to that part of the spectrum covered by the fluorescent 
light, and were calibrated in terms of neutral screens in a separate apparatus 
by means of the fluorescence light itself, for each fluorescent substance. 

In order to detect any errors that might be introduced through allowing 
the fluorescence light to pass through the fluorescent material, the arrange- 
ment shown in Fig. 1, (b) was also used. Here a chromatically uncorrected 
quartz lens is substituted for the camera lens of the monochromator so that 
the focal plane will not be normal to the optic axis, and the fluorescence light 
is taken off from the front face of the cell. With this arrangement the spec- 
trum lines are unequally magnified, and a correction for this must be applied. 

Still further to insure that unknown errors were not present, the third 
arrangement shown in Fig. 1, (c) was used to obtain supplementary data. 
The achromatic camera lens of the monochromator was replaced, and a mir- 
ror was introduced into the optical system so that the fluorescence light 
could still be taken from the front face of F while the uniform magnification 
of spectral lines was kept. 

Eastman 36 plates were used for substances giving a blue or violet fluores- 
cence, while Wratten panchromatic plates were found satisfactory when 
green and red fluorescing substances were being studied. Exposures of from 
3 to 10 seconds sufficed for the first, while with the second 20 seconds or more 
were required. 

In order to measure accurately the energy distribution in the spectrum 
in the focal plane at F a number of different thermoelectric devices were used, 
these being substituted for C when desired. One of the most probable causes 
of error in such work arises from the lack of true blackness of the absorber 
on the radiometer used. For example, the difference between results indicat- 
ing an equal energy yield and an equal quantum yield could be entirely 
caused by a radiometer which had the absorption properties of copper rather 
than those of a true black body, and many commercial thermocouples are 
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unsatisfactorily blackened. We accordingly obtained our results in terms of 
two Moll vacuum thermoelements in quartz, a similar instrument with a 
fluorite window, and three different Bi-Ag thirteen element thermopiles of 
our own construction. These all showed substantial agreement. 

After a plate was obtained by taking a number of exposures to the homo- 
chromatic spectrum through various filters R it was measured on a projection 
lantern microphotometer and the data were plotted for the various spectrum 
lines as in Fig. 2, the log intensity values being known from the relative 
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Fig. 2. Calibration curves for the photographic plate when exposed to the fluorescence light 
from aesculin produced by various incident wave-lengths. 


transmission factors of the filters. The curves for the various lines were found 
to be accurately parallel so long as the fluorescence light did not vary in qual- 
ity with the color of the incident light, and so long as the number of quanta 
produced at a given wave-length remained proportional to the number of in- 
cident quanta. With the substances tested in the concentrations used these 
conditions were almost always fulfilled, and any departures from them could 
be readily detected. 

By measuring the horizontal distances apart from the curves for the vari- 
ous lines, one obtains the relative intensities of fluorescence J; of the lines. 
The ratio of this quantity to the actual intensity J; of the incident light, as 
measured by the thermoelement, then gives a measure of the fluorescence 
efficiency for each wave-length. 
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III]. ResuL_ts 


In Fig. 3 we show the types of curve obtained for various fluorescent sub- 


stances when J;//, was plotted against wave-length. Pure aesculin dissolved 
in water, a standard Wratten filter of aesculin in gelatin, a light machine 
oil (Cenco pump oil #11021), several standard automobile lubricating oils, 
chlorophyll dissolved in alcohol, and solid anthracene all showed similar va- 
riations in fluorescence efficiency between 3300 and 2400A, though they did 
not follow the relation found by Anderson and Bird. The strength of many 
of the solutions was found to have a great effect on the variation of fluores- 
cence efficiency as is of course to be expected; the conditions depicted hold 
only when all of the incident light is absorbed in a very thin laver of fluores- 
cing material. In chlorophyll this is particularly marked; in solutions of such 
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Fig. 3. Curves showing the variation of fluorescence efficiency with wave-length for various 
simples, the relative efficiency J;/J,; being set at 1.0 for \3131. 


dilution that a banded structure can be observed in the absorption spectrum, 
no regularity of response can be expected, of course. Various substances, such 
as a solution of quinine sulphate in water and calcium tungstate in powdered 
form, obey entirely different laws in the region tested. 

Our results as depicted in Fig. 3 show then, that the conclusion of Ander- 
son and Bird, that in general, fluorescent substances will be found to have a 
constant fluorescence efficiency at wave-lengths shorter than a certain limit 
cannot hold. In order to obtain a still further check on the results we set up 
an optical method of measurement somewhat similar to that used by Ander- 
son and Bird; the arrangement is shown in Fig. 4. Light from the mono- 
chromator J/ passing through the micrometer slit S is made parallel by the 
lens L, and after passing through the diaphragm D which maintains a con- 
stant aperture for all wave-lengths falls on the quartz cell C containing the 
fluorescent substance. The fluorescent light is taken off at an angle different 
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from that of the reflected light and passes into the Lummer-Brodhun photom- 
eter P where it is compared visually in intensity with light from an incandes- 
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Fig. 4. Lummer-Brodhun photometer arranged to measure fluorescence efficiencies, giving 
an optical check on the results obtained photographically with the apparatus depicted in Fig. 1. 
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Fig. 5. Variation in fluorescence efficiency for fluorescein and aesculin with different dilutions 
and degrees of contamination, J; J; being set arbitrarily at 1.0 for \3663. 


cent lamp shining through a filter and a solution of the fluorescent substance 
being studied, which gives a constant comparison source of the proper color. 
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By varying slit S the intensity of the light falling on C is varied to give a 
match in the photometer; the cell is then removed and the incident light 
allowed to fall directly on the surface thermopile 7°, where its total intensity 
is integrated. Results obtained in this way again contradicted those of Ander- 
son and Bird, and showed a linear variation of fluorescence efficiency with 
wave-length for most substances. 

We noted during the course of this part of the work that often the curves 
for one cell filled with aesculin differed from those of another, and soon found 
that minute traces of alkaline impurities had a large effect on the result. With 
fluorescein, also, concentration appeared to play a large part. Fig. 5 shows 
results obtained with these substances under various conditions, and appears 
to explain the results of Anderson and Bird for fluorescein, at least. 
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Fig. 6. Curve showing constancy of quantum yield obtained at various wave-lengths 
with an oil sample of the type used for coating plates. 


IV. CONCLUSIONS AND APPLICATION TO PHOTOMETRY 


Turning now from the exceptions to the rule to the gratifying number of 
substances which were found to obey a simple law within a certain spectral 
range, we see at once that while the uniform fluorescence efficiency does not 
ordinarily exist, a uniform quantum yield often does. In Fig. 6 we show re- 
sults (obtained from a single plate) for the type of lubricating oil which we 
have found most useful for coating plates to produce uniform contrast. Here 
we have plotted J;/AJ; against wave-length; obviously, within the range 
plotted a constant number of fluorescent quanta are emitted per 100 incident 
quanta. 

The greater part of this work was done by the writers at Stanford Uni- 
versity during 1929-30; on account of the contradiction between many of 
the results and those of previous workers a new set-up of the apparatus has 
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been made at the Massachusetts Institute of Technology by one of us and the 
work has been repeated by Mr. A. L. M. Dingee, who is continuing and ex- 
tending it. We are indebted to Mr. Dingee for the data plotted in Fig. 6, 
which agree entirely with our previous results, and give points lying some- 
what closer to the theoretical curve than ours had done, due to the fact that 
in obtaining them the incident light was varied by means of filters of platinum 
on quartz, in place of the variation of the fluorescence light by means of the 
filters R. This reduces small errors arising from the non-neutrality of the 
filters, the platinum filters being calibrated with monochromatic light at each 
wave-length used. 

We turn now to the direct application of these results to heterochromatic 
photographic photometry. An Eastman 36 plate was coated with the light 
machine oil and was found to give a response which agreed quite accurately 
with that expected from the uniform quantum vield law. However, a correc- 
tion is required here, even when the necessary conditions of layer thickness, 
etc. have been fulfilled. For there is a variation of the amount of reflection 
from the air-oil interface with wave-length which may not be negligible. In 
the cases recorded above, where the oil or other material was enclosed in 
quartz, the thermopile was also enclosed in quartz, so the variation in loss 
of light at the air-quartz surface could be neglected. The loss at the quartz-oil 
surface was found to be exceedingly small, so that its variation was entirely 
negligible. The magnitude of the correction required for the coated plate at 
the air-oil face can be readily determined, however, by the methods of homo- 
chromatic photometry. 

Apparently then, this method can be used in place of a thermopile, pro- 
vided proper precautions are taken to see that the simple law assumed holds. 
Otherwise errors similar to or greater than those often made by the gratuitous 
assumption of the reciprocity law in photographic photometry are liable to 
occur. The sensitivity of such a coated plate is several hundred times as great 
as that of a thermopile, and we believe that its greatest application will be, 
not in supplanting this, but in supplementing it for use with weak spectra and 
in regions difficult of access, such as the Schumann region. A further ad- 
vantage is that the coated plate bridges the gap in sensitivity between the 
thermopile and the photographic plate as ordinarily used; we have found 
that in order to satisfactorily record directly on a photographic plate a spec- 
trum which was about as weak as could conveniently be measured with the 
average thermopile-galvanometer combination, and exposure time of about 
1/500 second was sufficient. This inconveniently small time of exposure gives 
inaccurate results with the mercury arc or a similar source due to the flicker- 
ing which occurs at high intensities. The fluorescence method, on the other 
hand, bridges the gap, and in addition transforms all energies into a single 
set of wave-lengths, so that various spectral lines can be reflected or absorbed 
equally without introducing relative errors. Much higher resolving power 
can be used than with the thermopile, and very weak lines can be accurately 
measured. 

For many kinds of work a still further simplification would result if the 
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fluorescent dry plates discussed above? should follow the same law.Accord- 
ingly photographs of the spectrum were taken on plates prepared with the 
pure aesculin coating in gelatin as described, and a uniform quantum yield 
was found within the same limits as for the oil coated plates. We accordingly 
possess a dry plate which shows uniform contrast and almost uniform quan- 
tum sensitivity, which provides a known energy sensitivity distribution if one 
knows the wave-lengths photographed. We are now investigating further 
methods of improving the uniformity of this type of plate, and especially of 
extending the method to wave-lengths shorter than 2000A. 

Much of the apparatus used in this investigation was purchased with a 
grant from the Rumford Committee of the American Academy of Arts and 
Sciences, which is hereby gratefully acknowledged. 
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THE EFFECT OF VARYING CONCENTRATIONS OF CERTAIN 
ELECTROLYTES ON THE VIOLET BAND OF THE RAMAN 
SPECTRA OF WATER 


By C. C, HATLEY AND Dixon CALLIHAN 
DEPARTMENT OF Puysics, DUKE UNIVERSITY 


(Received June 20, 1931) 


ABSTRACT 


A Hilger E-1 spectrograph was used to study the Raman scattering by pure 
water excited by the 3650A group of the mercury arc. Photometric measurements 
of the plates were made with a Moll microphotometer. The violet band at about 
4150A appears to consist of three components. The effect on this band of various 
concentrations of aqueous solutions of KCI, NaOH, and KOH was examined. In all 
cases the energy appears to shift toward the long wave-length side and in addition the 
top of the curves grows sharper with increasing concentrations. 


GREAT amount of work has already been done on the Raman spectra of 

pure water'** and a still greater amount has been done on the effect 
produced on the Raman bands by various concentrations of different sub- 
stances in aqueous solutions.>*:? 

In spite of the amount of work that has been done there is yet quite a bit 
of uncertainty and some conflicting data as to the structure of these bands. 
Some have found broad continuous bands* showing no real structure while 
others have found two*:"’ or three" and even a higher number” of compon- 
ents. Of the bands excited by different lines, Kinsey" found the band excited 
by the 3650A group to be a double band while that excited by the 4047A 
group was found to be a triple band. 

The present work was undertaken with the aim of helping to clarify this 
situation and to add to the present available data on the changes produced in 
the water bands by the addition of varying amounts of easily ionized sub- 
stances. 

The major part of the previous work has been confined to the most con- 


' Raman and Krishnan, Ind. Jour. Phys. 2, 399 (1928). 

2 Rao, Nature 125, 600 (1930); Proc. Roy. Soc. 127, 279 (1930). 
3 Dadieu and Kohlrausch, Naturwissen. 17, 625 (1929). 

4 Ellis, Nature 123, 205 (1929). 

> Carrelli, Pringsheim and Rosen, Zeits. f. Physik 51, 511 (1928). 
6 Dickinson and Dillon, Proc. Nat. Acad. Sci. 15, 334 (1929). 

7 Daure, Compt. Rendus 187, 940 (1928). 

§ Meyer, Phys. Zeits. 31, 510 (1930). 

® Dadieu and Kohlrausch, Cf. Ref. 3. 

10 Gerlach, Phys. Zeits. 31, 695 (1930). 

1 Rao, Cf. Ref. 2. 

Ganesan and Venkteswaran, Ind. Jour. Phys. 4, 195 (1929). 
18 Kinsey, Phys. Rev. 34, 541 (1929). 
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spicuous band of water, namely, the one shifted from the exciting line by 
about 3400 wave-numbers, which corresponds to about 3y. 

The violet band at about 4150A excited by the 3650A group was selected 
in this work, in spite of its composite nature, because of its intensity and also 
because fewer data are available concerning this band than concerning the one 
at about 4700A. 

It seemed worthwhile to determine what effect is produced on the water 
band by a solution of some of the hydroxides. Ten photographs were taken 
with each of the following as the scattering substance: distilled water, aqueous 
solutions of KOH varving in concentration from 9.74N to 0.27N, and 
aqueous solutions of NaOH varving from 13.5N to 1N. In addition three 
photographs were taken for aqueous solutions of KCI] at 2.5N, 0.25N and 
O.025N. 
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The scattering tube and water jacket were of glass. The tube was similar 
to that described by R. W. Wood." The end farthest from the spectrograph 
slit was drawn out into a cone, curved upward and painted black. A Hilger 
E-1 quartz spectrograph was used with special astronomical green sensitive 
plates. The photometric measurements of these plates were made with a 
tvpe A Moll microphotometer. The source, for all photographs except those of 
NaOH, was a Hanovia quartz mercury are operated at three amperes with 
150 volts directly across the lamp terminals. The NaOH photographs were 
made at an earlier date with the same lamp operating at a lower temperature. 
The time of exposure for each plate was about 30 hours except in the case of 
NaOH solutions and in that of pure water where exposures of 48 hours were 
made. The temperature of the scattering substance was held at 30°C within 
2°. 

An inspection of the microphotometer curves taken from these plates 
will give the best idea of the form of the band and also of the effect on the 
band of various concentrations of the above mentioned substances. It was 


4 R. W. Wood, Phil. Mag. 6, 729 (1928). 
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thought best to record a curve for pure water and a number of curves for the 
same electrolyte at different concentrations on the same microphotometer 
film. An effort was made to have these curves so placed that corresponding 
points of all curves on any one film should lie in the same vertical line. How 
nearly this was accomplished may be judged from the 4108A line near the 
left in the figures and best seen in the curves for the NaOH solutions. The 
heavy line seen at the right of the figures is the 4358A line from the are. 

In Fig. 1 the HO curve was made from a plate exposed for 48 hours with a 
spectrograph slit width of 0.02 mm, the microphotometer thermocouple slit 
being correspondingly narrow. The curve seems to indicate a triple structure 
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Fig. 2. 


for the water band. The components are indicated by letters (a), (b), and (c). 
These represent shifts from the exciting line of approximately 3228, 3435 and 
3624 wave-numbers corresponding to 3.10, 2.91 and 2.76u. The wave-lengths 
of the components of the band are 4137A, 4173A and 4206A respectively. 
This curve shows the components of the water band better than either of the 
other two curves for water which were made with a wider slit for both spectro- 
graph and microphotometer. Some uncertainty is introduced in regard to 
component (a) due to the fact that there is in the mercury arc a weak line at 
4145A. The gear ratio of the microphotometer for all curves shown was such 
that 1 mm of film corresponded to 2A closely. The distance between the two 
outer components measures 35 mm, the inner component being located about 
midway between the outer ones. The overlapping of the bands due to the 
different lines of the 3650A group and the general Raman scattering combined 
with the continuous radiation from the are make it impossible to determine 
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the wave-length of the individual components with much precision. However, 
since a large percent of the energy of this groups is associated with the two 
closely lying lines 3650 and 3655A, the scattering due to these two lines 
should stand out prominently. 

The other three curves for different concentrations of KCI show that for 
low concentration, 0.025N, there is an increase of energy in all the compon- 
ents, (a) becoming quite sharp. Further concentration shifts the energy 
more and more toward the long wave-length component (c) and at the same 
time renders the peak of the curve sharper. Gerlach” has reported a like 
energy shift for a number of the chlorides including KCI. He also reports the 
disappearance of the short wave-length component of the 4700A band of water 
for concentrated solutions. Woodward" has recently reported a Raman band 
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which corresponds to a shift of 3615 wave-numbers for very nearly con- 
centrated solutions of both NaOH and of KOH. 

In Fig. 2 are shown curves obtained with different normalities of NaOH. 
At the bottom is shown the poorly resolved curve for water. For 1N the 
scattering increases while the center of gravity of the curve is shifted toward 
the long wave-length side. For better comparison the curves for 9.8N and 
13.5N are repeated in juxtaposition at the top of the figure. These two curves 
were made at a later date with a different slit width for the thermocouple. For 
high concentrations the (c) component becomes most prominent and shows 
a steep curve on the long wave-length side. 

The data are hardly sufficient to enable one to decide whether the in- 
dividual centers of (b) and (c) shift or whether the energy increase in the 
locality of (c) shifts the center of gravity of the more or less poorly resolved 


Gerlach, Naturwissen. 18, 68 (1930). 
6 Woodward, Phys. Zeit. 32, 261 (1931). 
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curve. It might be pointed out in this connection that the (a) component 
while suffering a decrease in energy shows little if any shift with change in 
concentration. With some degree of uncertainty the curves for higher con- 
centrations of NaOH shows signs of the unshifted (b) component. 

The effect of different concentrations of KOH is shown in Fig. 3. It can be 
seen that with increasing concentration there is again a shift of energy away 
from the center toward the (c) component. The curve for 9.74N, the base of 
which has been supplied from another curve made from the same plate, 
shows a marked sharpening of the top of the curve near the location of the 
(c) component. 

The difference in general appearance of the curves for NaOH and those 
for KOH may be explained in part by the fact that the latter were taken with 
the arc at a much higher temperature and with slightly wider slit. 

Further work along this line is in progress using as a source a helium hot 
cathode arc described by Wood." It is hoped that with this arrangement, 
which gives practically monochromatic light, the components of the water 
band may be located with higher precision and the effect of solutes on this 
band may be better determined. 


7 R, W. Wood, Phys. Rev. 35, 670 (1930). 
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THE SATELLITES OF J/-SERIES X-RAY LINES 


By F. R. Hirsn, Jr. 
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(Received July 20, 1931) 


ABSTRACT 

Four satellites of the diagram line Wa; have been measured in the range of atomic 
numbers from U (92) to Yb (70). Two of these satellites have not been reported 
previously. Three satellites of the diagram line 1/3 have been measured in the range 
of atomic numbers from U (92) to Gd (64). Two of these satellites have not been re- 
ported previously. Superposition of the semi-Moseley graphs for the satellites of 
Me, and 43, gives rise to the suggestion that perhaps both x-ray lines are mcdified 
by the same optical lines. All these observed satellites obey the “Moseley” law, the 
data giving a straight line within experimental error. The semi-Moseley graph of the 
satellite ./3'' shows a significant break at atomic number 70. The satellites of Ma; 
vanish at Er (68), coincident with the splitting of the Ja, line into three components 
at this place, i.e. at atomic number 68. The range of values of Av R, between satellite 
and parent line, is from 0.1 to 2.0, in agreement with the results of previous workers, 
for the satellites of A and of L series lines. A peculiar continuous spectrum accom- 
panies the satellites of la; and Vp for the elements U (92) and Th (90). 


-RAY “satellites,” “spark lines” or “non-diagram” lines, as they have 

been variously termed, are those relatively faint lines accompanying 
certain diagram lines in the x-ray spectrum. Their presence cannot be ac- 
counted for by the usual energy-level diagrams, consequently they have been 
described as due to various inner-atomic processes. Among these Wentzel's 
hypothesis! * of multiple ionization, with a single electron jump, was first ad- 
vanced as an explanation. 

The work of Druyvesteyn* has shown that the experimental verification 
of Wentzel’s theory is not very satisfactory. Biicklin’ has shown that experi- 
mental observations of satellite excitation potentials do not confirm Went- 
zel’s hypothesis. 

In view of the defects of Wentzel’s theory, and because of certain impor- 
tant experimental evidence, F. K. Richtmyer® advanced his “double-jump 
hypothesis” as an explanation of the origin of x-ray satellites. This double- 
jump hypothesis has an experimental basis in the existence of the quasi- 
Moseley graphs for x-ray satellites. The hypothesis is adequately explained 
in a later paper.’ Briefly, his theory is, that in a doubly ionized atom, simul- 


taneous jumps of two electrons occur. One jump releases an x-ray quantum; 


1(4. Wentzel, Ann. d. Physik 66, 437 (1921). 
2G. Wentzel, Zeits. f. Physik 31, 445 (1925). 
*M. J. Druyvesteyn, Zeits. f. Phys. 43, 707 (1927). . 
4M. J. Druyvesteyn, Dissertation, Groningen (1928). 
> E. Backlin, Zeits. f. Physik 27, 30 (1924). 

6 F, K. Richtmyer, Phil. Mag. 6, 64 (1928). 

7 F. K. Richtmyer, Jour. Frankl. Inst. 208, 325 (1929). 
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the other jump releases the energy of a semi-optical quantum; the total 
energy of both jumps are emitted from the atom as a single modified x-ray 
quantum, or satellite quantum. 

More data were essential for the testing of this double-jump hypothesis, 
and for providing an experimental foundation for the building of any ex- 
planation of the origin of x-ray satellites. Accordingly, F. Kk. Richtmyer and 
R. 1). Richtmyer’ made a survey of the L-series x-ray satellites. Recently, 
(). R. Ford® made a similar survey of K-series satellites. Hence a survey of .1/- 
series satellites seemed to promise new and interesting results. 

\/-series satellites of the diagram lines \a,, 1/8 and A/y were first re- 
ported by Hjalmar.!’:'' Recently Lindberg”: made a re-survey and an ex- 
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Fig. 1. Wa; satellites (from Lindberg’s data). 


tension of previous .\/-series precision wave-length measurements. He noted 
satellites of the diagram lines J/a; and 1/8 only. 

The satellite data, secured from the data tables of the articles by Lind- 
berg, 15 are plotted as a semi-Moseley graph in Figs. 1 and 2. Lindberg finds 
two satellites of Ja, and one satellite of 1/8, in agreement with the results of 
Hjalmar."' (Hjalmar apparently found three satellites of 1/8, but this was 
for one element only, U(92).) 

Especially to be noted in Fig. 2 is some sort of discontinuity in the semt- 


* F. K. Richtmyer and R. D. Richtmyer, Phys. Rev. 34, 574 (1929). 
*O. R. Ford, Phys. Rev. 37, 1695 (1931). 

' E. Hjalmar, Zeits. f. Physik 1, 439 (1920), 
" E. Hjalmar, Zeits. f. Physik 15, 65 (1923). 
' EK. Lindberg, Zeits. f. Physik 50, 82 (1928). 
'S E. Lindberg, Zeits. f. Physik 57, 797 (1929). 
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Moseley graph at or about atomic number 70. Further mention will be made of 
this fact. 
EXPERIMENTAL WORK 


In the present investigation a Siegbahn vacuum spectrograph was used. 
Spectra were recorded on Imperial eclipse plates cut specially for this spec- 
trograph. Three different crystals were used to cover the wave-length range 
from 3.708A to 10.234A. Calcite was used for the range from 3.0 to 6.0A.; 
quartz, for the range from 6.0 to 8.0A., and gypsum (selenite), for the range 
from 8.0 to 10.3A. 

The d.c. voltage for the x-ray tube was supplied by a standard high-poten- 
tial circuit, using kenotrons and condensers in the usual manner. A small vol- 
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Fig. 2. Mg satellites (from Lindberg’s data). 





tage ripple was present. A third kenotron was used as a thermionic valve to 
limit the current through the x-ray tube to a safe value. This prevented the 
sudden high-current discharges which are disastrous to milliammeters. The 
current was read with a standard Weston milliammeter designed for x-ray 
work. Voltage was measured by means of a repulsion-type, electrostatic volt- 
meter, which was calibrated by a standard spark gap. The moving member of 
this voltmeter consisted of two ping-pong balls, coated with india ink and 
fastened at the ends of a threaded brass tube of small diameter. This device 
reduced the inertia of the moving member, and the india ink rendered the 
balls conducting. 

Exposures of the x-ray plates, necessary to bring out the satellite struc- 
ture, varied from one to eight hours, depending on the power which could be 
safely applied to the anti-cathode wedge and the material fixed on the wedge. 
The exposure time was considerably reduced in the case of the long wave- 
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length x-rays, where aluminum leaf was used as the slit covering to exclude 
light from the plate-crystal chamber of the spectrograph. Ordinary type- 
writer carbon paper proved satisfactory for the slit covering, when wave- 
lengths of from 3 to 5A were being used. However, in the region of from 7 to 
12A this absorbed practically all the radiation which should have passed 
through to the crystal and plate. 

In Table I, is given the form in which each element was used as an anti- 
cathode material, and the metal which composed the wedge supporting the 
material. Wedges were prepared by roughening the metal surface with a point- 
ed tool, and the material to be used as an anti-cathode was forced on to the 
roughened surface. Such wedges would often last three hours, with the x-ray 
tube running at 8 kv and 12 to 13 ma. 


TABLE I. Form in which each element was used as anti-cathode, and the wedge material, 








Wedge material 





Element Used in form of 
U Yellow Oxide, UO; Cu 
Th White Oxide, ThO, Cu 
Bi Metal Cu 
Pb Metal (commercial solder) Cu 
Tl Metal Cu 
Au Metal Cu 
Pt Metal Cu 
Ir Metal (powdered) Al 
W Metal (flat spiral) Al 
Ta Metal Al 
Ht White oxide Al 
Lu Oxide, mixed with BeO Al 
Yb Oxide, mixed with BeO Al 
Er Oxide Al 
Dy Oxide, mixed with BeO Al 
Gd Oxide Al 








The potential, at which the x-ray tube was run, was always maintained 
at least twice the excitation voltage for the parent line, for the purpose of 
having the satellites as intense as possible. 

While most metals can be hard soldered to copper, for use as x-ray tar- 
gets, tungsten and tantalum are notable exceptions. Neither metal is wetted 
by molten solder and hence cannot be secured by this method. A flat spiral 
of tungsten wire was made, and this was pounded into an aluminum wedge 
which served satisfactorily for an anti-cathode wedge. A small piece of sheet 
tantalum was likewise pounded into a piece of aluminum and thus firmly 
secured for use as a target. 

Although tungsten spirals are convenient for use as x-ray tube filaments, 
they usually coat the anti-cathode with tungsten, a very objectionable fea- 
ture. This can be avoided by using oxide filaments, which, however, are rela- 
tively short lived. 

The wave-lengths of the lines accompanying a given diagram, (or “par- 
ent”), line, were determined by means of comparison with the known wave- 
lengths of the parent lines. 

Satellites of the diagram lines Ja; and 1/8 were measured for sixteen 
elements in the range of atomic numbers between U(92), and Gd(64). 
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Satellites of the diagram line .\/a; were present at U(92) and vanished at Er 
(68). Satellites of the diagram line 1/8 were present at U(92) and continued 
to Gd(64), where the last remaining satellite was so faint that observations 
beyond this point must be considered as somewhat doubtful. 

A careful search was made for satellites of the diagram line J/y (pre- 
viously reported by Hjalmar)."! Faint lines accompanying ./y were observed, 
but they were identified as higher order reflections of known L-series lines. 

Another investigation was carried out in the ./-series spectrum of Bi(83), 
for the purpose of detecting satellites accompanying diagram lines other than 
Ma, and 1/8. The results were negative. Satellites, if present, must be so 
faint as to avoid detection. Perhaps all diagram lines are modified by optical 
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lines, so as to have satellites. The modified part of the parent line (the satel- 
lite) will be much fainter than the parent line and accordingly the satellite 
will be readily observable only for the stronger diagram lines which for the 
M-series are Ma; and MB. 


EXPERIMENTAL RESULTS 


In Table II is given the results of the study of the J/a,; lines and their 
accompanying satellites. The terminology of F. Kk. Richtmyer has been used 
for satellite designation. The satellites have been called Ma‘, Ma‘, Ma‘‘‘ and 
Ma’‘*, where Ma’ is the satellite nearest the peak of the parent line, and the 
others are located successively towards shorter wave-lengths. 

In Tables II and III, values of AX are the differences in wave-length be- 
tween the satellites and the parent lines, (a; or 1/8), and are determined by 
direct measurements on the spectrum plates. Av/R and (Av/R)!” are then 
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computed from these values of AX, taking the values of \ from Lindberg’s 
data.” The wave-lengths of the several satellites are computed by sub- 
tracting from the values of A* the corresponding values of AX. 

The semi-Moseley graph for the .\/a; satellites is given as Fig. 3. From the 
graph, it is seen that there are four distinct satellites of Ma). Ma‘ and JJa'' 
are relatively faint lines, while Ja‘ is a relatively strong line. \/a‘'' appears 
resolved from Ma! only for atomic numbers 79 through 83. By comparison of 
Fig. 3 with Fig. 1 it can be seen that Ja‘! and Mea'" are the satellites Ma’ 
and \a’ observed by Lindberg.” ™ 

Thus Lindberg’s observations are verified, and, in addition, two new 
satellites are observed, namely J/a‘ and \Va'''. Fig. 3 shows a distinct im- 
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provement over Fig. 1 in the grouping of the data points about the average 
straight lines, indicating improved experimental accuracy. The graph shows 
that (Av/R)'? plotted against Z,atomic number, is a straight line relation with- 
in experimental error. 

In Table IIT the results of the studies of .178 lines are tabulated. The data 
are again plotted as a semi-Moseley graph in Fig. 4. Three distinct satellites 
are shown here, and they have been called 1/8', 1/8'' and 1/8‘, using the 
Richtmyer method of designation. As before, 1/8‘ is the satellite closest to 
the parent line maximum, and 1/8" and 8" are successively farther from 
this peak. 

Referring back to Fig. 2, one readily sees that 1/8" is Lindberg’s satellite 

* It will be noted that the last figure in each parent line wave-length value is given as zero. 


Lindberg’s data does not give this last figure. It was used merely for convenience in computing 
the data of the present paper. 
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MB’. Peculiarly too, the curve for the satellite 1/8‘ shows a break at atomic 
number 70, precisely as is shown in Fig. 2. The satellite 1/8" is a relatively 
strong line, while .1/8' and \/'" are much less intense. Hence it is not sur- 
prising that 1/8" persists at the lower atomic numbers, where 1/6‘ and J\/p""' 
are too faint for detection. 

By comparison of Figs. 2 and 4 it can be seen that 1/6‘ and \/B8'"' are new 
satellites. 

Obviously now, this question arises: if, according to the double-jump hy- 
pothesis, a certain set of semi-optical jumps modify one x-ray diagram line to 
produce a set of satellites, might not these same jumps modify a second x-ray 
diagram line and produce another similar set of satellites? To test this sug- 

14 —— —_— 
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Fig. 5. Sattellites of Ma, and M3. 


gestion, Figs. 3 and 4 are superimposed in Fig. 5. From Fig. 5 it can be seen 
that the curves for J/a‘' and 1/6" are practically coincident; 1/6"! and \Ja‘" 
while having different slopes, lie in the same region. The lines for Ja‘ and 
MB lie within a reasonable distance from each other. On the other hand, 
Ma‘‘' has no counterpart in the 1/6 series of satellites. The fact that these 
pairs of lines are not exactly coincident, may be the result of experimental 
error. On the other hand, there may be some real difference between the 
satellites of one diagram line and those of a neighboring line. However, the 
close proximity of the superimposed satellite curves, for two different dia- 
gram lines, strongly supports the idea that the same set of optical jumps 
modifies both diagram lines, to give rise to the observed satellites. 

In Fig. 4, the semi-Moseley graph for the satellite 1/6‘' shows a definite 
break in the region of atomic number 69 or 70, with a displacement of the 
former straight line and a change in its slope. It will be remembered that this 
discontinuity is present in the curve plotted from Lindberg’s data (Fig. 2). 
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Foote’s arrangement of electrons in orbits™ shows that at atomic number 
71, the building of the Nyx electron shell is just completed. Conversely, at 
atomic number 70(Yb) the first of the rare earths, the removal of electrons 
from the Nyy shell starts as we go down the atomic number range. It is 
known also that the Bohr-Coster diagrams, for the MW, N and O, x-ray 
energy-levels, show similar breaks in the region of atomic number 70. Like- 
wise, curves for the screening constant of the ./ and N electron shells, show 
breaks at the region of atomic number 70. 

The interpretation of these facts, in terms of the double-jump hypothesis, 
is obvious. In terms of this theory, the semi-Moseley graphs represent a num- 
ber of radiated semi-optical lines. A graph, showing a break at atomic number 
70, means that the optical frequencies must suffer some change at this place 
in the periodic table. Since these semi-optical lines originate by electron 
jumps between two atomic energy levels, it at once follows that either one, 
(or both), of these energy levels must be one of those which show breaks in 
the Bohr-Coster diagrams, or which show a change in the screening constant 
in the region of atomic number 70, 

It was observed in this research, that the satellites of the diagram line 
Ma, vanished at Er(68). Here, according to Lindberg,” the a, line splits 
into three components. This splitting was observed, too, by the present au- 
thor. This fact, on the basis of the double-jump hypothesis, affords a possible 
explanation of the fading out of the satellites of the diagram line ./a,. The 
semi-optical jumps will now modify all three components of the J/a;, line, 
giving rise to three series of satellites, which being correspondingly broad, 
and therefore faint, will be difficult to observe. 

It is significant that the range of values of Av/R for the JJ-satellites, as 
shown in Tables II and III, and in Figs. 3 and 4, is very close to the corre- 
sponding range for K and L satellites as found by other workers. 

The spectrum plates of the diagram lines a; and 1/8 of Th (90), and 
U (92), show the satellites of these lines as superimposed on a sort of continuous 
spectrum. This fact has already been noticed and explained by F. kK. Richt- 
myer’ in the case of some satellites at the high atomic number end of the 
L-series satellite range. 

The double-jump hypothesis opens up a new method of attacking the 
problem of the origin of x-ray satellites. Briefly, it is this. The Richtmyer 
double-jump equation (reference 7, page 359) is, 


hv, = hv; + hr 


where v, is the frequency of the satellite; v; that corresponding to the inner 
jump, and vy that corresponding to the outer jump. From this equation it is 
clear that if v, and v; are known, values of vo are predicted. Thus, for a given 
satellite, there should occur in the spark spectrum of the particular element, 
a radiated frequency of value vo. Perhaps this may be for a forbidden jump, 
and we may only observe a term-difference in the energy level diagram for 
the atom,—which term-difference will be of size hvo. Thus the double-jump 


4 Foote, Trans. Amer. Inst. Min. Metal. Eng. 63, 628 (1926). 
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hypothesis may be experimentally verified by the appearance of the predicted 
lines. By simple calculations, it can be found from the data in this article, 
that these values of vo will predict lines in the soft x-ray, ultraviolet, and 
ordinary optical regions. Remembering that ¢=v Ao, where c is the velocity 
of light in vacuo, and Xo is the wave-length of the semi-optical line of fre- 
quency vo, which is represented, according to the double-jump theory, by 
the values of Av/R, given in Tables IT and III, we have 
c 


Re ee 
Av R 
Using the accepted values for ¢ and R, we tind that, 
911.3 x 10-% 
2 ————_—_—_— cm. 
Av/R 


es 


From this last relation, the following values of \» are computed from the 
values of Av/R given in Table II for the four satellites of the diagram line 
Mea, in the spectrum of Bi (83). 











Line Av/R Xo 
Mai 0.37 2460A 
Maii 0.67 1358 
Maiii 0.87 1046 


Ma’i¥ 1.21 753 








The investigation of the possibility of the occurrence of spark lines, as 
predicted by x-ray satellites, is under way in this laboratory. Preliminary 
work seems to show promise, and a detailed report will be made later. 

If this connection, as suggested by the double-jump hypothesis, does exist, 
it means that there is a relation, previously unsuspected, existing between 
x-ray and optical spectroscopy. 

In concluding, the writer particularly wishes to express his gratitude to 
Dean F. Kk. Richtmyer for suggesting this study, and for his encouragement 
and advice, without which the completion of this research would have been 
difficult. The writer also wishes to express his gratitude for the interest of 
various members of the Cornell University Physics Department. Grateful 
acknowledgment is hereby made for permission to use certain pieces of ex- 
perimental x-ray apparatus, purchased by the Heckscher Research Council of 
Cornell University for investigations being carried out by Dean Richtmyer. 
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A NEW EFFECT PRODUCED BY ACTION OF X-RAYSON MATTER 
By G. I. Pokrowski! 
ALL Union ELECTROTECHNICAL INSTITUTE, Moscow 
(Received May 22, 1931) 


ABSTRACT 

This paper describes an investigation of the weak radioactivity which some 
heavier elements acquire after being irradiated by x-rays. The first method of in- 
vestigation of this effect is based on the measurement of the ionization produced by 
the sample after irradiation. The second method consists in the counting of the scintil- 
lations produced by particles emited by the irradiated substance. The combination 
of these two methods makes it possible to determine the mean energy of each emitted 
particle. This energy is of the order of 10~* erg. It seems quite impossible that particles 
of such energy could be emitted from the extranuclear electrons. It is much more 
probable that they originate in the atomic nuclei. On the other hand it is not possible 
to explain such results by radioactive contamination. Some possible explanations of 
the phenomena observed are discussed. 


I. THE IONIZATION EFFECT AFTEER X-RAY IRRADIATION 
SMITS? some years ago pointed out, that lead irradiated by relatively 
® very soft x-rays acquires feeble radioactive properties. The following 
apparatus shown in Fig. 1. was constructed in our institute for a more de- 





Fig. 1. Diagram of apparatus. E is the electrometer; J, the ionization chamber; 
R, the rotating disk; S; and S»), the samples. 


tailed investigation of this effect under conditions excluding the possibility 
of spurious effects due to radioactive contamination. It consists of the usual 
electrometer E for radioactivity measurements connected with a suitable 
ionization chamber. This chamber is connected with a cylindrical box Q in 
which is set a perforated resolving circle R for holding the materials to be 
tested. By revolving the circle any sample can be placed under the ionization 


1 Professor, leader of the theoretical group of the R°ntgen-technical department. 
2 A. Smits and W. A. Frederikse, Zeits. f. Elektrochemie 34, 350 (1928); A. Smits and 
H_ S. Vening, Meinesz Proceedings, Amsterdam 33, 1 (1930). 
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chamber. Since the system is closed as tightly as possible, the testing samples 


in the cylindrical box are well protected from outside radioactive contamina- 
tion. It is easy to remove the electrometer and to close the hole in the ioniza- 
tion chamber by means of a special cover, thus making it possible to expose 
the sample to x-ray irradiation. In addition to this the circle with samples 
can be revolved in such a manner that the irradiation of all samples will be 
uniform. 

We used for the irradiation a Coolidge x-ray tube with tungsten anode, 
working at 140 kv.yy and 2 m.a. The time of irradiation was 30 minutes; the 
mean distance from the anode of the tube to the samples was 40 cm. The x- 
rays passed through the lead cover of the cvlindrical box of 2 mm thickness. 

After irradiation the instrument was removed to another room; the elec- 
trometer was placed back on the ionization chamber and the current in this 
chamber, produced by the different samples, was measured. 

Preliminary experiments showed that, in accordance with the results of 
A. Smits, light elements like aluminum do not produce any effect. It was 
therefore possible to determine the zero current of the electrometer by plac- 
ing an aluminum sample under the ionization chamber. 

With that method of working the ionizing power of different elements 
after irradiation could be investigated. This ionizing power can be expressed 
as the difference between the ionization currents before and after irradiation 
produced by a unit of surface (1 cm?*) of the sample and measured by the num- 
ber of ion pairs formed in unit of time (1 second). 

The surface of all investigated samples was cleaned by scraping. Some 
days before the experiments, the box with the samples was closed and the 
circle was rotated for a long time. By this means we obtained a uniform dis- 
tribution of radioactive matter and the dissociation of those contaminations, 
which are sufficiently unstable. 

At first the effect was investigated as a function of time after irradiation. 
The results for lead obtained by Mrs. H. A. Gordon are given in Table I. 


Tas" 1. Results for lead. 


J =ionization current, =time in min. after the end 
(ion pairs formed per sec.) of x-ray irradiation 

910 10 
500 20 
390 33 

230 50 

110 70 

60 90 


Table I shows that the diminution of the effect after irradiation is of such a 
magnitude that the effect can be measured without difficulty. By extrapola- 
ting it is possible to determine the value of J directly after the end of irra- 
diation. Mean values of J determined in the above mentioned way with a 
great number of samples of the several elements are given in the Table IT. 
All these measurements have been made by Mrs. H. A. Gordon. 
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TABLE I]. Jonization current due to radiations from various metals after x-ray irradiation. 


Element Atomic number " 
Al 13 no effect 
Zn 30 no effect 
Sn 50 170 
W 74 550 
Hg 80 1120 
Pb 82 1390 
Bi 83 1000 


The mean error of J in Table II is about 20 percent. The experiments des- 
cribed did not make it possible to explain the origin of the observed ioni- 
zation current. For such an explanation it is necessary to investigate the 
phenomenon from another point of view. 


Il. SCINTILLATIONS AFTER X-RAY IRRADIATION 


The other method used by us is based on the counting of scintillations. 
Preliminary experiments described in another paper* showed, that after x-ray 
irradiation the heavier elements produce some feeble scintillations similar to 
the scintillations of a-particles of low energy. 

Knowing the number of scintillations produced in 1 second by a unit of 
surface of a sample it is possible to determine the mean energy of each parti- 
cle, as well as the energy losses of the particle in the surface layer of the sam- 
ple. Table III shows the primary energy E of the particles emitted by unit 
of surface of the sample in 1 second (du /dt) extrapolated to the moment of 
stopping the x-ray irradiation. 


TABLE IIT. Energies of particles producing scintillations. 


Element dn ‘dt E 
Zn no effect 
Sn 0.038 0.5107 erg. 
W 0.087 0.7 
Hg 0.095 1.3 
Pb 0.090 Bw, 
Bi 0.089 1.3 


The values of E show that the energy of the observed particles is much less 
than the energy of the a-particles emitted by radioactive substances. For a 
closer investigation of the scintillation effect we have constructed a specially 
designed apparatus. 

A partial section of this instrument is given in Fig. 2. It consists of a re- 
volving brass cylinder placed in a tight enclosed covering. The cylinder is 
driven by an electric motor with a suitable transmission. The testing sample 
put on the cylinder is a ring of suitable size. 

The cylinder with the sample can be irradiated by x-rays at one side 
through an aluminium filter of 1 mm thickness. In these experiments we 
used an x-ray tube working only at 90 kv.;; and 3 m.a. We have determined 
that when the tension of the current in the tube was lowered from 140 kv to 


3G. 1. Pokrowski, Zeits, f, Physik 63, 561 (1930). 
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90 kv the effect changed only very little. On the opposite side of the cover- 
ing was placed a microscope with a zinc blende screen for counting the scin- 
tillations. The x-ray tube and the observer were separated by a wall in which 
the instrument was placed. Everywhere lead protection was so arranged that 
the minimal thickness of it met by x-rays should be equivalent to 1 cm of lead. 

The inside of the rotating hollow cylinder was also covered with lead so 
that during the operation of the tube no luminiscence should be observed on 
the screen used for counting scintillations. 

In addition the set was earthed before beginning the experiment. The box 
with the rotating cylinder and sample was closed for some days and the cylin- 














Fig. 2. Diagram of apparatus used in counting scintillations. C is the rotating cylinder; 
S, the sample under investigation; M, a microscope; E, an electric motor; A, aluminum win- 
dow; T, x-ray tube; HW’, the wall. 


der was rotated for a long time for the same purpose as with the apparatus 
for ionization measurement. 

The principal results obtained as described above could be easily verified 
with this set. 

The results obtained with lead, for instance, are given graphically in Fig. 
3. Here dn/dt is the number of scintillations on the screen per second, ¢ being 
expressed in days. Each point marked with an arrow was obtained during an 
x-ray irradiation. The number of revolutions of the revolving cylinder was 
120 per minute. Thus the lapse of time between irradiation and observation 
was of the order of 0.25 second. The surface of the screen for counting scin- 
tillations was about 3 cm’. 

It is seen from Fig. 3 that in the case of many irradiations each about 2 
hours in duration, the lead could be activated for a period of some days and 
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the effect could be made very large. The curve in Fig. 4 is based on a very 
large number of observations—approximately 181,000 scintillations. Taking 
into consideration the relative weakness of the scintillations here observed 
and the very large field of observation one must state that the experiments 
described are very laborious. 


II]. Discussion OF THE POssIBLE EXPLANATION OF THE EFFECT 


The results indicate that the ionization effect is probably produced by the 
particles emitted by heavier elements after x-ray irradiation. These particles 
are like a-particles. Their energy has an order of 10~® erg. It is quite improba- 
ble that particles of such energy could be emitted from the extranuclear 


I J ne 





Qa 
= 
. 








~ — 
5 100 days 


Fig. 3. Number of scintillations per second from lead. The arrows mark 
observations under x-ray irradiation. 


electrons. It seems that the origin of such a phenomenon must be located in 
the atomic nucleus. 

If nuclear transformations are examined from a thermodynamical point 
of view and if the equivalence of matter and energy is taken into considera- 
tion, it will not be difficult to divide all possible phenomena into exothermal 
and endothermal processes. Thus, if a given nucleus is splitting into two other 
nuclei and if the sum of their masses is not equal to the initial mass, then 
either an emission or an absorption of energy will result. 

Obviously, when there is a decrease of mass, energy is liberated and, vice 
versa, energy absorption must be accompanied by a suitable increase of total 
mass. With the aid of accurate data concerning atomic weights, it can be 
readily shown that some cases of disintegration are accompanied by the emis- 
sion of energy. The greatest energy per unit mass will be liberated when a- 
particles are thrown out of the nuclei the atomic numbers of which are greater 
than 40.4 


* See G. I. Pokrowski, Zeits. f. Physik 63, 561 (1930); G. Gamow, Proc. Roy. Soc London 
A126, 632 (1930). 
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It is possible that the energy necessary for starting such an exothermal 
process may be relatively very small, and it is therefore quite possible that 
x-ray quanta can liberate from thermodynamical unstable nuclei particles 
with energy of a mach higher order than that of the quanta themselves. But 
certainly only very few nuclei, perhaps only an isotope of the activated ele- 
ment, can be thus influenced by means of irradiation. This follows from the 
weakness of the effect described. A calculation based on the experiments dis- 
cussed shows that only one nucleus in 10 can be influenced by irradiation. 

A more detailed exposition of the theory of the phenomenon is given in 
another paper.’ 





6 G, 1. Pokrowski, Ann. d. Physik (1931). 
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AN X-RAY STUDY OF THE MAGNETIC CHARACTER OF LIQUID 


CRYSTALLINE PARA-AZOXYANISOL AND A COMPARIT- 
SON WITH THE ISOTROPIC LIQUID 


By G. W. STEWART 
ILLABORATORY OF Puysics, UNIVERSITY OF Iowa 
(Received July 20, 1931) 


ABSTRACT 

The effect of a magnetic field upon the orientation of the liquid crystalline groups 
in para-azoxyanisol has been studied by means of the angular distribution of x-ray 
relative diffraction intensities, the magnetic field being oriented perpendicular to the 
incident x-ray beam and the axis of the spectrometer. The relative number of the large 
molecular groups in the liquid crystalline condition, oriented perpendicular to the 
field, was obtained by the application of the Boltzmann distribution law in two 
theories; one assuming a permanent magnetic moment and the other anisotropic 
polarization. The latter theory of orientation agrees with the claim of Foex as to the 
cause of the decrease of the magnitude of the diamagnetic susceptibility in the milky 
state. Moreover, the experiments, together with general considerations, are in harmony 
with the second theory. Thus the experiments agree with the contention of Zocher, 
Jezewski and Foex and are opposed to the conclusions of Kast who favored the first 
theory. The magnetic effect was decreased in a marked manner by the slow mechani- 
cal rotation of the cylindrical vessel containing the liquid crystal and also by the in- 
crease of the number of cycles of an alternating magnetic field. In the liquid crystalline 
state (117.4° to 134°C) the x-ray diffraction intensity at the principal maximum is 
10 percent greater than in the transparent liquid (at 143°C). This is explained by the 
existence of cybotactic liquid groups in the latter case and the grouping of a large 
number of these “companies” into the large “regiment” which is responsible for the 
liquid crystalline phenomena. “A theoretical justification is found in Ornstein’s and 
Oseen’s theory of the liquid crystalline condition.” The marked optical and the small 
x-ray difference in the two conditions are thus easily explained. The difference be- 
tween the liquid crystalline and the transparent liquid condition is thus found to be 
mechanically not so great as optical observations would indicate. In detail using dis- 
tances small compared to an optical wave-length the liquid is never isotropic but 
consists of the cybotactic groups oriented in all positions. The effect of the magnetic 
field upon the transparent liquid is too small to measure. This is explained by the 
smallness of the cybotactic groups. The view of the author as to the existence of tem 
porary approximate groups (cybotactic) in the transparent liquid is clearly strength- 
ened by the straightforward interpretation of these experiments. 
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AUGUIN!' seems to have been the first to report the effect of a magnetic 
field in orientating para-azoxyanisol liquid crystals with the optic axis 
parallel to the magnetic field. 
Hiickel® obtained the x-ray diffraction halos from several liquid crystals. 


Since the halos were like the “amorphous” ones in the corresponding isotro- 
pic fluids, he rightly objected to the use of the word “crystal” in referring to 


the former condition. 








' Mauguin, Comptes Rendus 152, 1680 (1911), 
* Hiickel, Phys. Zeits. 22, 561 (1921). 
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W. Kast* experimented with a magnetic field applied normal to an x-ray 
beam passing through a layer of para-azoxyanisol and observed the altera- 
tion produced by the field in the x-ray photographic halo. The intensity was 
diminished in a direction parallel to the field and increased in a direction per- 
pendicular thereto and to the x-ray beam. Kast interpreted these results, 
taken while the liquid was in a anisotropic, milky state, 117° to 134°C, as in- 
dicating a large permanent magnetic moment occasioned by the orderly 
grouping of the molecules in large numbers. Kast found, by means of dielec- 
tric experiments in a magnetic field and Ornstein’s‘ theory, that the value of 
the permanent magnetic moment of the large molecular groups of para- 
azosyanisol was that of about 10* Bohr magnetons, and was independent of 
the magnetic field. 

The conclusions of Kast and Ornstein have been questioned by Zocher’® 
and Jezewski.’ Also Foex’ has concluded that the more reasonable explana- 
tion of the orientation of this substance in a magnetic field rests in the aniso- 
tropic diamagnetism found in the crystal, which by orientation produces a 
diminution of diamagnetic susceptibility in the liquid crystalline condition. 
His discussion is given at a later point. 

A. Van Wyk® studied the orienting influence of the magnetic field, the 
wall and the mutual interacting effect of the “swarms” of the liquid crystal, 
para-azoxyanisol. He also found the effect of the magnetic field is in better 
agreement with the interpretation of anisotropic induced polarization (dia- 
magnetism). Freedericksz and Repiewa® also reach the same conclusion. 
Glamann, Hermann and Krummacher'® have recently extended the experi- 
ments of Kast as to the magnetic effect on the x-ray halos of liquid crystal- 
line para-azoxyanisol adding evidence as to the fixed position of the halos 
observed with and without the application of the magnetic field. 

The purpose of the present experiments was to make quantitative meas- 
urements on the effect of the magnetic field in orienting the large groups of 
molecules in liquid crystalline para-azoxyanisol, to point out the bearing of 
the data upon the interpretation of the magnetic character of this substance 
and to compare the liquid crystalline and the transparent liquid conditions 
of para-azoxyanisol. 

The diamagnetic explanation already mentioned is based upon the meas- 
urements of susceptibility of para-azoxyanisol by Foex and Royer." At the 
melting point (at 116°C, according to Beilstein, and 117.4°C according to the 


3 W. Kast, Ann. d. Physik 73, 145 (1924); Ann. d. Physik 83, 418 (1927); Verh. d. D. Phys. 
Gesell. 3, 8, 2~3 (1927). But see also a contribution which has just appeared, Zeits. f. Kristal- 
lographie 79, 161 (1931). 

‘ Ornstein, Ann. d. Physik 74, 445 (1924). 

5 Zocher, Phys. Zeits. 28, 790 (1927). 

6 Jezewski, Zeits. f. Physik 52, 268 (1929). 

7 Foex, J. de Phys. et le Rad. VI, X, 421 (1929). 

§ Van Wyk, Ann. d. Physik 5, 3, p. 879 (1929). 

® Freedericksz and Repiewa, Zeits. f. Physik 42, 532 (1927). 

#0 Glamann, Hermann and Krummacher, Zeits. f. Krystallographie 74, 73 (1930). 

1! Foex and Royer, Comptes Rendus 180, 1912 (1925). 
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International Critical Tables) there is a sudden decrease of the diamagnetic 
susceptibility of about 19 percent. As the temperature is raised there is a 
small gradual increase of the diamagnetic susceptibility, until at the clearing 
temperature of the liquid, 134°C, there is a very rapid rise to approximately 
the value occurring in the crystalline state. By undercooling after melting, the 
curve for decreasing temperatures is extending to about 90°C. Foex’ found 
the susceptibility of para-azoxyanisol in the crystalline state at 15°C and for 
the three principal axes. The values are —6.65 X 10-7 in the direction of the 
binary axis, and —6.34X10-* and —4.08 X10~" in the plane of symmetry. 
The mean, which would be the observed value for a pulverized crystal, is 
—5.69X10-*. The observations on the transparent liquid gave the values 
— 5.60 10-7 and on the liquid crystal close to the solidifying point —4.59 x 
10-7, Foex opines that the decrease in the liquid crystalline state is caused by 
the orientation of the molecules, the low values for the susceptibility in the 
crystalline state, —4.08 x 10-7, corresponding to the value for the same orien- 
tation of molecules in the liquid crystal, — 4.59 10~-’. The latter orientation 
is less perfect because of the higher temperature and greater thermal agita- 
tion. 


THEORY 


As just shown, there are two contentions. One that there is a permanent 
magnetic moment in the liquid crystalline form and one that the arrange- 
ment of molecules in the large liquid crystalline groups produces a relatively 
lower value of diamagnetic susceptibility in one direction. According to the 
latter proposal, such groups would be oriented in a magnetic field as if pos- 
sessing an induced magnetization. For the purpose of quantitative comparison 
with experiment, the theories based on these two assumptions will be derived. 

A magnetic particle of permanent moment y, will have a potential energy, 
—ll cos 6, in a field //, if 6 is the angle between the positive direction of the 
axis of the doublet and the direction of 77. Assume this doublet is associated 
with (or caused by) a group of molecules oriented with their magnetic axes 
parallel. If we assume the validity of the Boltzmann distribution law, the 
number of groups having a potential energy—wI// cos @ is 


A e##eos #/kT2 5 sin 0d0 (1) 


where in 27 sin 6 d@ is the solid angle concerned. Now A, can easily be found 
if the total number of groups, NV, is known. If b=yJ//k7,, the value of A, is 


N b N b 


A, =—- = - —-, 
2r eh — ce 4m sin hb 


If /7=0 the number in the solid angle would be Ao 27 sin 4 d@ and since 


1800¢ 
any [ sin 0d0 = 4745 = N 
° 


Ag = N/4r. 
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The number of groups in the solid angle 27 sin 0 d@ when 6 = 90°, is, from (1) 


r 


b 
A,2rd6 = — ———-2rd 0. (4) 
4r sin hb 


If now // be made zero, the number of groups in the same solid angle is, 
Ao2rdé = (N/4xr)27d0. (5) 
The ratio of the former to the latter, R; is 
R, = b/sin hb. (6) 


In the case of the second theory described above, it is recalled that the 
diamagnetic susceptibility produced by an electron orbit is proportional to 
(1+ cos*#) where @ is the angle between the axis of the orbit and the direc- 
tion of the magnetic field, 7/7. Thus that part of the moment in the direction 
II which varies with @ is proportional to J7 cos*6. In a field 77 the magnitude 
of the potential energy produced by such a doublet is —a//* cos*#, where a is 
a constant. In the case of the para-azoxyanisol, the polarization is anisotropic 
because of the differences in diamagnetism in different directions. The net 
polarization that is effective in orientation can then be considered as a posi- 
tive induced moment porportional to JJ cos*#, having a potential energy in 
the field 7/7 of —a//*cos*@. The number of groups having this potential energy 


is 
2 2972 . - 
Ayer# eos O/kT Ie sin Od0 (7) 
A; isa constant such that 
90° 
2rAy i) eet eos" O/kT cin Od0 (8) 
o 


sin 6 d@=total number of groups = N. 
This is an integral of the form 


a 0 P 
| e= (— dx), 
1 


wherein b=al//*/kt and x =cos 6. By expanding the integrand according to 
Maclaurin’s theorem and integrating term by term, the value is found to be 


o | bb b b' b 
J ee(— dx) = 14 42—4+5>4+-—4+2—— 
1 3 5:2! i-3! 9-4! 11-5! 
br-l be? 


- (2n — 1)(n — 1)! * n!(2n + 1) . 








(9) 


The last term is an approximation, being greater than the remainder term ob- 
tained from Maclaurin’s theorem. 

A sufficient approximation to the true value of the integral can be made 
by using the series up to the mth term n being selected so that the remainder 
is less than one percent. 
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This approximate value of the integral will be indicated by 7. Then from 
equation (8) we may write: 


A, = N/2rl. 


The number of groups in the solid angle 27 sin 6 d0, 0=90°, is, according to 
equation (8) and the foregoing 


A,2nd0 = (N/I)d0. 


With // = 0, the number of groups in the same solid angle is as already given 
in equation (5), except now the integration, as in equation (3), should be from 
0° to 90° and the result is, Nd@. The ratio of the former to the latter number, 
designated as Rg, is 


Rs = 1/I. (10) 


If, then, x-rays are passed through a layer of para-azoxyanisol placed in a 
magnetic field having a direction at right angles to the beam, it becomes pos- 
sible to test the correctness of the ratio in equation (6) or (10). This possi- 
bility rests upon the assumptions; (1), that in the anisotropic liquid state we 
have relatively large semi-orderly molecular groups, (2) that these groups act 
much like powdered crystals in the diffraction of x-rays (3) that the intensity 
of x-rays at the chief diffraction angle maximum of the liquid is proportional 
to the number of groups oriented at the correct angle, and (4) that the distri- 
bution of orientation of the groups may be determined by the Boltzmann dis- 
tribution law. 


APPARATUS AND METHOD 


The x-ray diffraction apparatus was the same as used in a series of liquid 
experiments,” but with the addition of a magnetic field having a direction 
at right angles to the beam. The angle of diffraction and the relative inten- 
sities were measured by moving the ionization chamber about the axis of the 
spectrometer. Comparison is made at a given angle of diffraction, with and 
without the magnetic field, This permits quantitative (relative) results with- 
out elaborate corrections. 

If the axis of the effective magnetic doublet corresponds to the length of 
the molecules in the structure of a group in the anisotropic liquid, and if the 
chief diffraction-angle intensity maximum is produced by the separation of 
molecules in a direction perpendicular to their lengths,” then the magnetic 
field should decrease the intensity of this maximum with the above relation 
of the angle of diffraction and the direction of the field. This decrease does 
occur. This orientation is also in agreement with the view of Foex." 

The temperatures of the liquid were measured with a thermocouple placed 
in the liquid and just above the path of the x-rays. The heating was accomp- 

12 See references found in Stewart, Phys. Rev. 35, 726 (1930). 

13 This was asserted by Kast (reference 3), and is in agreement with all the liquid diffrac- 
tion measurements by the author of chain compounds. 


144 Foex, reference 7, who states that the large axis of the molecule is in the direction of the 
diamagnetic susceptibility of the least magnitude. 
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lished by several hot air blasts impinging in such a manner as to produce the 
least convection and most uniform temperature throughout. 

The effect of the magnetic field on the electron beam of the x-ray tube was 
eliminated by heavy shielding with iron, the elimination being carried to the 
point where the effect of the field was smaller than that of the observatorial 
error of the intensity of the x-rays. 





While the magnetic field was not homogenous over the entire cylinder, the 
derivation therefrom was not sufficient to affect the conclusions. 
EXPERIMENTAL RESULTS 


1. At a temperature of 128° +2.0°C the relative intensity of diffraction 
at the principal maximum is shown in the upper curve in Figure 1, marked 
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Fig. 1. The influence of the magnetic field at 128°C. 


IT =0. The cylindrical thin walled glass tube containing the liquid had a diam- 
eter of about 1 cm which was less than the optimum thickness of the liquid 
for the wave-length used, 0.71A. During observation the liquid was not stirred 
in any manner. 

In experiments on chain molecules, the chief diffraction peak is caused® 
by a periodicity that is transverse to the chains. A second peak of much smal- 
ler intensity is caused by a longitudinal periodicity. While para-azoxyanisol 
is not a straight chain molecule, its length is undoubtedly much greater than 
any other dimension. It is reasonable to assume that the chief peak in Figure 
1, is similarly caused by a transverse periodicity, the diffracting “planes” 
containing the lengths of the molecules. If this be true then the magnetic 
moment, “4, must be a longitudinal one for this prominent peak disappears 
under the action of a field which is perpendicular to the x-ray beam and the 
axis of the spectrometer. As already stated, this choice of dimension agrees 


’ Stewart, Phys. Rev. 35, 726 (1930) and the literature these cited. 











X-RAY STUDY OF MAGNETIC CHARACTER OF LIQUIDS 937 


with the results of Kast and of Foex. Figure 2, to be discussed presently, 
shows that 1300 gauss will produce approximately as great a reduction of this 
peak as 2200 gauss. Hence, in Figure 1, with 1300 gauss, the number of groups 
of molecules oriented with lengths perpendicular to the magnetic field and 
in the spectrometer axis is practically nil. In that case, the residual maximum 
intensity at 6.4° is clearly caused by different planar separations than the one 
producing a maximum at 8.4°. The general elevation of the curves is caused 
by the scattering of the general radiation from the container and from the 
liquid. In view of the rapid disappearance of the 8.4° peak with increasing 
field, the doublet orientation is considered complete at 2200 gauss at the 
x-ray relative intensity shown in Figure 2. This ordinate, 34.5, is taken as 
the zero value of the 8.4° diffraction intensity produced by the periodicity of 
separation perpendicular to the axis of the molecules and of the doublet. 

2. If the containing tube be rotated, the effect of the magnetic field is 
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Fig. 2. Comparison of theories and experiment assuming but one size of molecular groups. 


very materially altered. When the tube, approximately 1 cm in diameter, is 
rotated once per second, the effect of the field is reduced to two-thirds. If the 
rotation is twice per second, only about one-fifth of the effect remains. These 
results were obtained with a field of 2100 gauss, which, as shown in Figure 2, 
produced approximately complete orientation of molecules. 

3. The diffraction-intensity curve for the transparent liquid at 143°C is 
practically that shown for the milky liquid at 128°C in Figure 1. But the 
diffraction intensity of the latter is approximately 10 percent greater 
throughout the range tested. This indicates greater x-ray coherence in the 
liquid crystalline condition. 

4. The effect of a magnetic field of 2210 gauss upon the chief intensity 
maximum diffraction, with the transparent liquid at 143°C, and with zero 
speed of rotation of the sample, was found to be 0.2 percent, an amount less 
than the error of the experiments. 

5. The milky liquid was frozen while in a field of more than 6000 gauss 
While in the milky liquid the molecular groups are fully oriented with this 
magnetic field, yet when frozen there no longer exists any evidence of the 
effect of the field. This is shown by the fact that the major diffraction peak of 
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the crystal at 9.25° is the same intensity whether the substance is frozen with 
or without the presence of the field. On account of chance preferential direc- 
tions in freezing, this result was derived from the average of ten trials of 
freezing in the magnetic field. 

6. A diffraction intensity curve was made at 122°+2.0°C. The intensity 
at 8.4° was greater at 122°C than at 128°C with //=0, and less with // = 2100 
gauss. This indicates a difference between the two conditions which should 
be investigated further but which does not concern the conclusions of this 
paper, for the diffraction ratio curve for 122°C, with and without the field 
becomes precisely like that of Figure 1, if allowance is made for a difference 
in the residual diffraction at 2100 gauss, or in the selection of the observed 
ratio to be given the value zero. 

7. The effect of an alternating field was quite marked. For a given effec- 
tive current in the electromagnet, making // = 1100, the alternations were 
varied from 18 to 105 cycles. With the former the effect of the magnetic field 
was 60 percent that obtained with continuous current. With the latter it was 
11 percent. 

8. The full line curve of Figure 2 is the result of experiments on liquid 
ervstelline para-nzexvanisol at 128°C. The observations of relative ioniza- 

eter tthe fixed diffraction angle 
fo. Ita Gi Neing magnetic field this fixed angle would remain the lo- 
cation of the diiraction maximum of the major peak'® and consequently the 
observations would give the correct relative values of diffraction intensity. 
Thus the observations with changing field give the magnitudes of the magne- 
tic eflect upon the scattering from the large groups in the liquid crystal con- 
dition. This effect is produced by the alteration of the number of groups 
oriented approximately perpendicular to the field and parallel to the axis of 
the spectrometer. The percentage of variation of intensity is shown at the 
right in the figure. 


COMPUTED RESULTS 


1. Comparison of equations (6) and (10) was made with the experimen- 
tal data exhibited by the full line curve of Figure 2. The comparison with (6) 
was obtained by adjusting the value of 6 at /J= 1000 gauss to fit the experi- 
mental results. At 1000 gauss, the relative intensity is 10.6 percent and this 
must be equal to b/sin hb. Hence, b= 4.43. For this value of 6, the values of 
b/sin hb, or the ratio of intensitives for 200, 350, 500, 600, 700, 850, 1000, 
1200, 1355, and 1790 gauss become respectively, 0.880, 0.690, 0.490, 0.376, 
0.280, 0.174, 0.106, 0.052, 0.030, and 0.006. These ratios were plotted by the 
small circles in Figure 2. They agree splendidly with the experimental curve. 

2. The third result to be obtained from computations is the value of yu, 
for, as is clear from Figure 2, the foregoing is decidedly favorable to a per- 
manent moment. At /7=1000 gauss, b=4.43. Then since b=IH//kt, k =1.37 
X10-' and 7 =401° Abs, uw = 24.3 X 107!" or 2.65 X 10* Bohr magnetons. This 
value of uw is about three times that suggested by Ornstein‘ and also of the 
same order as claimed by Kast.* 
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3. Similar computations were made from equation (10) except that it is 
more convenient to make computations for J by assigning values to b. To the 
latter are given the values of 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0 and 7.0. The 
The resulting values for the denominator are respectively, 1.19, 1.46, 1.83, 
2.36, 3.12, 4.22, 8.21, 17.16, and 86.75 with error in approximation 6" e° 
n'(2n+1) much less than one percent. Comparison of the theoretical varia- 
tion with the experimental curve was made by assuming the value of J/ 
given by the experimental curve for the value of 6, 4.00. This value of JJ is 
950 gauss. The other values of JJ were computed from the variation } « J/°. 
The corresponding values of // and the ratio of group numbers, or of inten- 
sities, are plotted in Figure 2, with deltas as indicators. A similar curve is also 
plotted by causing the match of theory and experiment to be at JJ =545 
gauss, b=2.0. The results of comparisons will be discussed later. 
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Fig. 3. Comparison of the diamagnetic theory with experiment assuming a 
mixture of molecular groups of two sizes. 


4. But the assumption of groups of oriented molecules that are all alik 
in size is somewhat unreasonable." Let it be assumed, rather, that there are 
groups of various sizes and that the theory of anisotropic polarization is to 
be tested under these circumstances. Fig. 3 shows the original experimental 
curve and two additional computed curves. The lower one of the latter is 
plotted with values based upon } = 2.5 and /J = 500 gauss, The upper one with 
b=2.5 and JJ]=1192 gauss. These adjustments are equivalent to assuming 
that the group for the lower curve has about 5.7 times the volume of the 
group belonging to the upper curve. If, using the computed curves of Fig. 3, 
it be now assumed that the actual groups are a mixture of these two sizes, 
the ratio of the smaller to the larger being one to three, the number of the 
larger ones, then the computed resulting relative intensity is represented by 
the circles, which lie very close to the experimental curve. Obviously the sa- 
sumption of these two sizes was made merely to demonstrate the possibility 
of the theory of the anisotropic polarization satisfying the experimental ob- 
servations. The results justify the statement that, so far as agreement with 
experiment is concerned, the induced magnetic moment theory is just as 


6 This point was called to the author's attention by Dr. J. H. Van Vleck. 
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satisfactory as the one assuming a permanent moment. This will be later dis- 
cussed. 


DISCUSSION AND CONCLUSIONS 


1. In the preceding section on computed results it was shown that the 
two theories of the magnetic effect had equal sanction so far as these experi- 
ments are concerned. But the objection to the permanent magnetic moment 
theory rests in our general knowledge of magnetism. There are no cases 
known of permanent moments in organic substances and there is nothing in 
the magnetic character of the atoms composing the molecule or in the molec- 
ular structure that would render the permanent moment theory plausible. 

On the other hand, according to the preceding remarks, the decrease in 
the magnitude of the diamagnetic susceptibility and the induced magnetic 
moment are fully explained. Now the comparison with experiment in Figure 
3, shows agreement of theory and experiment. Consequently, permitting 
general considerations to decide, it is evident that preference must be given to 
the theory of anisotropic polarization caused by the orientation of the mole- 
cules in groups with their long axes parallel. 

2. The similarity of the x-ray diffraction in the milky and transparent 
condition of the liquid indicates the same cause of intensity distribution in 
both. But there is 10 percent greater intensity and hence greater x-ray co- 
herence in the former. According to the view of the author presented in a 
series of papers, the halo in the transparent condition is caused by orderly, 
unstable molecular groups throughout the liqu'd. This condition is called 
“cybotaxis” to distinguish clearly from the orderly grouping in a crystal. 
These groups do not cause optical anisotropy because they are too small. 
But they do show structural anisotropy to x-rays in that the separation of 
planes is not the same in different directions in a group. The optically an- 
isotropic clusters or major groups found in a liquid crystal, are produced by 
the association in approximate alignment of a number of the cybotactic or 
“minor” groups such as exist in the transparent state. This increase in size 
of minor to major groups does not greatly increase the diffraction intensity 
for the x-rays (10 percent), since the minor groups, although having a gen- 
eral alignment within the major group, producing optical anisotropy, are 
not sufficiently well aligned with each other to produce coherent x-ray dif- 
fraction as in a crystal. This readily explains the difference between the op- 
tical and x-ray effects. Here is, then, the picture of the difference between the 
transparent liquid and the liquid crystal. The cybotactic groups in the liquid 
form have approximate alignment in the liquid crystal. The aggregation pro- 
gresses from a little companies to a large regiment. 

A recent* discussion of liquid crystals has focussed new attention upon the 
theory underlying this state of a fluid. Both Ornstein and Oseen** have dis- 
cussed the kinetic basis of the “swarm” hypothesis. Ornstein’s theory may 
perhaps be more appropriately called a “bundle” hypothesis because it deals 


* No. 79, Zeitschrift fiir Kristallographie, (1931). 
** Ornstein, Zeits. f. Kristall, 79, 90 (1931); Oseen, Zeits. f. Kristall, 79, 173 (1931). 
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with groups of molecules having similar orientations rather than similar ve- 
locities, Ornstein assumes a molecule with a long axis of symmetry, a poten- 
tial energy of a molecule proportional to the cosine of the angle between the 
axes of two molecules and to a function of the relative positions of the two 
molecules. He develops a “correlation” function, derives a differential equa- 
tion and gives a solution of this function. From this he obtains the mean value 
of the radius of a swarm or bundle. It proves to be r? = G?/[6(kT — F) | where 
k is the Boltzmann constant and T is the temperature. The change with tem- 
perature is not a gradual one for there is a temperature below which the for- 
mation of the swarm cannot occur. Ornstein does not set forth the theory as 
complete or adequate. He merely shows that if there is a couple exerted by 
one molecule upon another, an alignment of molecules and abrupt changes in 
the extent of this alignment are possible. 

Ornstein'’s discussion by its application to the formation of our cybotactic 
groups, emphasizes the possibility of these small groups of aligned molecules. 
That this alignment produces a periodicity, which is essential to the x-ray 
diffraction effects is fairly clear from a consideration of the high compressi- 
bility of the liquid. The distance of separation perpendicularly to the molec- 
ular axes in the immediate neighborhood of a point must be approximately 
the same. The alignment gives an approximately orderly space array produc- 
ing coherence in scattering in directions normal to the molecular axes. Also, 
it is clear that a theory similar to Ornstein’s is applicable to the formation of 
the liquid crystal groups from the cybotactic ones. The quantitative x-ray 
diffraction similarity for the large and the small group shows this to be the 
case. Moreover, the effect of the magnetic field in almost completely remov- 
ing the diffraction intensity peak, as described above, shows that the cybo- 
tactic groups capable of producing this peak, are practically all included in 
liquid crystal groups and the intertices between the latter are chiefly the 
unaligned molecules. It is evident, then, that the view expressed in this paper 
is consistent with both experimental results and theoretical considerations. 

3. The negative results of the impressed magnetic field on the diffrac- 
tion intensity distribution of the transparent liquid are explained by the small- 
ness of the cybotactic molecular groups. 

4. The inability to produce an effect of the magnetic field during the for- 
mation of the crystal structure is in harmony with the current conception 
that the molecules solidify one at a time. But attention should be called to 
the experience of both Kast and Foex who have found that they could, by 
freezing, under certain conditions, produce the solid with the same diagmag- 
netic susceptibility as in the liquid crystalline state. 

5. The results of this paper are in harmony with the views of other work- 
ers as to the relatively large orderly groups of molecules in the milky state. 
When these groups are of sufficient magnitude, optical anisotropy appears. 

6. A very mild stirring rotation of the container of the milky para-azoxy- 
anisol is sufficient to diminish greatly the orientation of the large groups by 
the magnetic field. This means that the effect of the rotation is comparable 
to that of temperature. 
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7. The results of the experiments are in harmony with the view that in 
liquids, more especially with molecules not possessing spherical symmetry, 
there exist groups of molecules with internal regularity sufficient to produce 
distinct coherence with x-ray diffraction. For the diffraction x-ray intensity 
curve is practically the same in the milky and transparent conditions and in 
both cases the principal maximum occurs at nearly the same angle as does 
the most intense lines of the crystal diffraction curve. The existence of a more 
extensive molecular orientation in a liquid crystal is evidenced by optical 
anisotropy. Just as certainly the x-ray diffraction in the transparent liquid 
indicates the existence of the much smaller eybotactic groups. 

8. This x-ray diffraction study was not extended to include the angular 
range used by Glamann, Hermann and Krummacher. Also, the observations 
were confined to one orientation of magnetic field and axis of the spectrom- 
eter. But the conclusions are not vitiated by these limitations as considera- 
tions easily show. 
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MEASUREMENTS ON THE VAPOR STREAM FROM 
THE CATHODE OF A VACUUM ARC 


By W. E. BERKEY AND R. C. Mason 
RESEARCH LABORATORIES, WESTINGHOUSE ELECTRIC AND MBG. Co. 


(Received July 13, 1931) 


ABSTRACT 


The velocity of the vapor stream issuing from the cathode region of a vacuum 
are between copper electrodes is calculated from (1) the energy received by a vane 
3 cm in front of the cathode, as measured by the rate of rise of temperature; (2) the 
momentum imparted to the vane, as determined by the deflection of the vane. The 
mass used in the calculations is that of the copper deposited on the vane. The average 
velocity of the vapor, computed from data obtained by either method, is about 
210° cm per second, confirming Tanberg’s momentum measurements. There is 
some evidence that the vapor is ionized to a considerable degree. Radiation from the 
are, or energy of recombination on the vane, can account for only a small part of the 
total energy received by the vane. 


INTRODUCTION 


ANBERG! has calculated the velocity of copper vapor issuing from the 

copper cathode of a vacuum arc to be over 10° cm/sec. The velocity was 
obtained from measurements of the momentum imparted to (1) the cathode, 
(2) a vane suspended in front of the cathode. Kobel? measured the force of 
reaction upon the cathode of a mercury arc, from which he calculated a vapor 
speed of over 10° cm, sec. Compton’ sought to explain the force on the cath- 
ode measured by Tanberg with the hypothesis of an accomodation coeffi- 
cient for the neutralized positive ions. Actually, Compton’s calculations sub- 
stitute a low velocity vapor stream (less than 10° cm/sec.) for the high veloci- 
ty vapor stream of Tanberg. It does not seem that Compton's explanation 
can apply at the vane.! 

The results of Tanberg and Kobel are based on momentum measurements 
involving a mass lifted against gravitational force. It seemed desirable to make 
an attempt to determine the vapor velocity by measuring the kinetic en- 
ergy of the vapor stream. 

APPARATUS 


Figure 1 shows a sketch of the apparatus used. Copper electrodes were 
mounted in a glass desiccator. A flexible coupling allowed the cathode to be 
brought in contact with the anode to strike an arc. A quartz cylinder surround- 
ing the copper rod cathode, restricted the cathode spot to the end of the 0.55 
cm diameter rod 

'R. Tanberg, Phys. Rev. 35, 1080 (1930). 

* E. Kobel, Phys. Rev. 36, 1636 (1930). 

8’ K. T. Compton, Phys. Rev. 36, 706 (1930). 

4 J. Slepian and R. C. Mason, Phys, Rev. 37, 779 (1931). 
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A silver vane 2.5 em square and about 0.25 mm thick, was suspended 3 
em directly in front of the cathode by a silk thread. Below the vane, a scale 
was mounted which allowed the deflection of the vane to be observed. A 36 
gauge copper-advance thermocuple was soldered to the center of the vane on 
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Fig. 1. Apparatus for measurements on cathode vapor stream. 


the side facing away from the cathode. The thermocouple leads were coiled 
so as to offer the least resistance to motion of the vane. A milli-voltmeter was 
calibrated to give the temperature of the vane in degrees centigrade. 


PROCEDURE 


With a gas pressure of about 610° 4 mm, an are was struck and run fora 
few seconds. During a test the pressure would rise to 20 or 30X107* mm. 
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The time of arcing was noted on a stop watch. Readings of the milli-volt- 
meter were taken at short intervals timed by a second stop watch started 
upon the ignition of the arc. The deflection of the vane while the arc was run- 
ning was determined as closely as possible with the eye. 

The vane was weighed before and after a series of tests; the mass of the 
copper deposit was determined from the difference in weights. A check was 
furnished by removing the copper deposit, and reweighing the vane. The 
data for a typical test are shown in Table I. 


TABLe I. Data for a typical test. 


Are current....... kein eee oh es o 18.5 amps. 


Are voltage............ a .... 30 volts 
Circuit voltage.......... seaneres .. 220 volts d.c. 
Deflection of vane........... rere .. 0.2cm 
Length of vane to support. ; ... 10cm 
Weight of vane and thermocouple ica 1.8595 grams 
Tie OF BYCINR. 6. 0 oi cece .. 14.8 seconds 
Pressure before test.......... . 4X10 mm 
Distance cathode to anode......... ; 2 cm 
Distance cathode to vane. ve ete 3 cm 
Temperature of cold junction... : 24°C 
Maximum temperature rise of vane extrapolated from cooling 

SS aRcnhds SESS RE ARNG ORO ia irs 163°C 


The temperature of the vane reached a maximum a few seconds after the 
are Was extinguished, and then gradually decreased. The cooling curve was 
plotted and the temperature of the vane at the end of the arcing period was 
determined by extrapolation. This temperature and the time of arcing gave 
the rate of rise of temperature; then from the thermal capacity of the vane, 
the rate of energy input to the vane was calculated. The rate of cooling was 
so slow that the vane lost no appreciable energy during the period of arcing. 

From the deflection of the vane, the length of support, and the mass of 
the vane, the force acting on the vane could be found at once. 

The mass of copper deposited on the vane per second was determined by 
averaging the total mass over the sum of times of the individual tests. 

An estimate of the amount of radiation absorbed by the vane was based 
upon a separate experiment. A glass container shielded a blackened silver 
vane from direct contact with the cathode vapor. The rate of rise of vane tem- 
perature when the are was running gave the energy absorbed by the vane 
By use of two thicknesses of glass, the absorption by the glass was eliminated, 
and the total radiation determined. At a distance of 3 cm from the cathode, 
the radiation amounted to 1.76 X 10° ergs/cm?- sec. Since in the vapor velocity 
experiment a polished silver vane was used, 30 percent of the above radiated 
energy is probably an upper limit to the radiant energy absorbed. Conse- 
quently, a total energy of 0.34 X 10’ ergs, sec is subtracted from the calculated 
energy input to the vane. 


RESULTS 


The results of several tests are given in Table II. Column 2 shows the 
energy input to the vane calculated from thermocouple readings, while in 
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Pante ll. Wean velocities of vapor stream trom cathode 
1 2 (3) (4 (5 6 7 s 
Measured Corrected Force Avg. mass of | R.M-S. velocity Mean velocity Mass caleu- 
Prial energy input — energy input on copper de calculated from calculated from lated from 
to vane to vane vane posited on vane (3) and (5 4) and (5 (3) and (4 
(ergs sec (ergs sec (dynes (gr sec em sec (em sec (gr sec) 
11 7.6X10) 7.26XK10' 2.38 X10 2.40 106 
1-1 4.98 4.64 2.38 1.98 
2 3.93 3.59 53.0 2.38 1.74 2.23 to 2.96 +9 to 6.9 
te 70.8 * 106 x10 
It 4 70.5 2.38 2.96 X 106 
Is 70.5 to 2.38 2.96 to 3.7 
R82 x 106 
Itt 1 : 53.6 2.22 2.411086 
H1l-2 1.7 $+. 36 35.8 2.22 1.98 1.62 X 106 1.47 X10- 


column 3 the correction for radiation received by the vane has been made. 
The force on the vane calculated from the observed deflection of the vane is 
given in column 4. The mass of copper deposited, averaged over several tests, 
is shown in column 5. 

From the mass of copper deposited and the energy input, the r.m.s. veloc- 
ity of the copper vapor was determined, as given in column 6. The mean 
velocity of the vapor as calculated from the mass of ¢opper and the observed 
force is listed in column 7. From the force and energy imparted to the vane, 
the mass taking part in the reaction can be calculated from 

6? (Force)? 
Mass = ———— 
2(Energy) 


where @ is the ratio of r.m.s. to mean velocity. For comparison with the mass 
determined by weighing, the mass of copper calculated on this basis with 8 = 1, 
is given in column 8. The calculated mass, while not checking closely, agrees 
fairly well with the weighed mass. 

The values of r.m.s. velocity calculated from the energy input show close 
agreement from test to test. The mean velocity calculated from the force 
shows greater variation than the r.m.s. velocity, but still is of the same order 
of magnitude. In cases where the deflection could not be determined exactly, 
upper and lower limits are given for the deflecting force. 

The arc did not remain stationary, but wandered about over the small 
exposed cathode face. When the arc reached the edge of the cathode rod, the 
space relation of the cathode spot to the vane was changed. This caused 
Variations in the rate of copper deposit and in the vane deflection from test to 
test. Because of the smallness of vane deflections, the distance from scale 
to eye and the uncertain retarding force of the coiled thermocouple leads, the 
force on the vane could not be determined with very great accuracy. More 
dependence can be placed on the energy measurements. The average of four 
tests of energy measurements give a velocity of 2.04 X 10° cm/sec. 


POTENTIAL ON VANE 


There is some indication that the vapor striking the vane is ionized to a 
considerable degree. An increasing negative voltage was placed on the vane 
but up to 150 volts, no true saturation current was obtained, At this value, 
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the current collected was almost as large as would exist if all the copper con- 
densing on the vane were ionized. A positive voltage on the vane gave an in- 
creasing electron current. It was not possible to make the vane more than 
about 30 volts positive with respect to the cathode because of the unlimited 
current which could be drawn. Hence considerable doubt is thrown on Tan- 
berg’s statement of placing 60 volts positive on the vane and consequently 
on his conclusion that the vapor striking the vane is unionized. 

Even if all the copper condensed on the vane came as singly charged 
copper ions, the energy of recombination would amount to only 0.276 X10 
ergs/sec, which is less than 10 percent of the total energy received by the 
vane; so the results given above would not be greatly changed. 

It is difficult to devise a mechanism for acquiring such velocities. Tanberg 
and Berkev® have shown that the cathode metal cannot be at a temperature 
sufficient to account for the vapor speed. Consequently, the vapor stream 
must acquire its velocity elsewhere in the cathode region. 


5 Tanberg and Berkey, Phys. Rev. 38, 296 (1931). 
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ELECTRODELESS DISCHARGE: METHOD OF MEASURING 
DUCED CURRENT, VARIATION OF CURRENT WITH 
PRESSURE FOR VARIOUS GASES 


By Cuarves T. KNipp AND JULIAN K. Knipp 
DEPARTMENT OF Puysics, UNIVERSITY OF ILLINOIS 


(Received July 20, 1931) 


ABSTRACT 


A special discharge tube has been designed which lends itself readily to the meas- t 
urement of the induced gaseous current in the electrodeless discharge. This apparatus 
consists of a reentrant tube which describes a circle in the plane of the exciting coil 
and then goes out and describes a circle perpendicular to the plane of the exciting 
coil. Thus when a gaseous current is induced in the tube within the exciting coil it 
must pass through the outside turn before returning and completing the circuit. By 
placing a conductor of low resistance around the outside turn and connecting it to a 
radio-frequency ammeter, an induced current in it can be read off which is propor- | 
tional to the induced gaseous current. This specially constructed tube was connected 
to an exhaust pump and a McLeod gauge, also to a system of connecting tubes for 
supplying different gases. The energy to the exciting coil was supplied by a highly 
damped high-frequency high-voltage source of constant strength, and pressure- 
current characteristics were obtained for six gases, namely, hydrogen, helium, nitro- 
gen, oxygen, neon, and argon. Relative to these it was found that the induced gaseous 
current rose to the highest value in oxygen at a pressure of about 0.06 mm Hg; that 
the maxima in argon and neon were about the same, though for argon the maximum 
was sharp while for neon it was quite broad, the corresponding pressures being 0.05 
and 0.2 mm Hg respectively; that helium and nitrogen were very similar to argon and 
neon in their behavior but rose to lesser current values with their maxima at about 
0.035 mm; and that hydrogen proved to be the most critical of the gases studied, the 
pressure range was small (between 0.04 and 0.08 mm) and the maximum current 2.4 
amperes, which latter is about one fourth that for oxygen. In none of the gases studied 
did the ammeter show even the slightest current except when there was a “bright 
glow” indicating that the intensity of the glow is qualitatively a measure of the cur- 
rent induced. 


INTRODUCTION 


HE existence of two types of electrodeless discharge and their main dif- 
ferences in origin have been quite definitely determined.! The “dull glow” 
discharge has been shown?*+.4 to be due to the strong electric field set up by 
the difference of potential that exists between the ends of the exciting coil. 
However the “ring” or “bright glow” discharge described by J. J. Thomson‘ 
has been shown! to be maintained electromagnetically. In this case the dis- 
charge is due, as is well known, to an alternating e.m.f. induced round the 
1K, A. MacKinnon, Phil. Mag. 8, 605 (1929). 
2 Townsend and Donaldson, Phil. Mag. 5, 178 (1928). 
3C. J. Brasefield, Phys. Rev. 35, 1073 (1930); 37, 82 (1931). 
4C. T. Knipp, Phys. Rev. 37, 756 (1931). 
6 Smith, Lynch, and Hilberry, Phys. Rev. 37, 1091 (1931). 
6 J. J. Thomson, Phil. Mag. 32, 321, 450 (1891); 4, 1128 (1927). 
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periphery of the tube by the rapidly changing magnetic field within the coil. 
The shield experiments of Smith, Lynch, and Hilberry have shown the de- 
pendence of the starting of the “bright glow” on the “dull glow” or some ioniz- 
ing agent. Thomson considered only the “ring” discharge; while Townsend 
and Donaldson, and Brasefield worked only with the “dull glow” discharge. 
MacKinnon, Knipp, and Smith, Lynch, and Hilberry have worked with both 
phenomena. 

In this paper we are considering the current induced in the “ring” or 
“bright glow” discharge. The experiment of Thomson with two bulbs, one 
inside the other, in which the discharge in the outer bulb shields the inner 
gas from the inductive effect of the exciting coil, indicates that the gaseous 
current rises to a high value comparable with the current in the exciting coil. 
Again, the fact that the current in the exciting coil drops off considerably 
when the “ring” discharge gets fully under way, conditioned by the pressure 
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Fig. 1. Sketch of special reentrant electrodeless discharge tube with connections. The 
approximate dimensions are given. The planes of the two glass circles are at right angles to 
each other, thus the inductive effect of the energizing coil of four turns on the upper ammeter 
circuit is eliminated. 























in the tube, shows also that the induced gaseous current rises to a high value, 
i.e., that a strong opposing e.m.f. is induced in the gas in the tube. 


APPARATUS AND PROCEDURE 


A diagram of the complete set-up is shown in Fig. 1, and a photograph 
of the tube used, with the electrodeless discharge passing through it, is shown 
in Fig. 2. The discharge tube consists of a reentrant tube 2 cm in diameter 
which describes a discontinuous circle just inside the exciting coil (their planes 
being parallel to each other and perpendicular to the paper) and then leaves 
the coil and describes one turn in plane perpendicular to that of the exciting 
coil (i.e., in the plane of the paper). The total length of the discharge tube is 
about 155 cm. A heavy copper braid makes one turn round the upper circle 
of the glass tube and is connected to a Weston radio-frequency ammeter. The 
discharge tube is shown connected to a 500 cc expansion bulb and on through 
a liquid-air trap to a McLeod gauge and a mercury vapor pump, Gases are 
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let in from the other side. Small gas samples in bulbs were connected as shown, 
while gases in tanks under pressure were let in through the intake J and al- 
lowed to bubble through sulphuric acid and a liquid-air trap before entering 
the discharge system. 

As an energy source a motor-generator high-voltage high-frequency set 
was used, operating at a frequency of about 600 kc. The oscillations were 
highly damped. The energizing coil used was of 4+ turns of copper tubing. An- 
other ammeter is shown connected in a non-inductive shunt for determining 
the heavy current passing through the energizing coil. Currents as high as 





Fig. 2. Photograph of the reentrant electrodeless discharge completely formed by using 
an energizing coil of four turns. Residual air, pressure about 0.2 mm Hg. Illumination very 
intense. Time of exposure 6 seconds, followed by a photo-flash to get the apparatus. The en- 
ergizing current through shunted ammeter shows 8 amperes, while the upper ammeter shows 
the induced current, due to the gaseous current acting as primary, as 2.6 amperes. The dis- 
charge does not enter the expansion chamber. 


60 amperes were used. The photograph, ‘Fig. 2, shows the actual deflection 
of each of the two ammeters as the discharge was passing. 

The general procedure with each gas was to pump the system out toa very 
high vacuum and then wash it out successively with doses of the gas to be 
studied. After we were sure of the purity of the gas the system was pumped 
until a stage was reached at which the discharge would just begin (intermit- 
tently) to pass, whereupon the pump was shut off. Equilibrium in pressure 
throughout the system was soon reached after which the coil was again en- 
ergized and allowed to continue until the two ammeter readings became 
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steady. The pressure was read before and after the current reading. The sys- 
tem was then exhausted to a new pressure and the readings repeated. As the 
induced gaseous current increased (as indicated by the ammeter at the top) 
the current in the energizing coil was observed to decrease, but the frequency 
remained constant, therefore it was necessary to correct each reading to cor- 
respond to a constant energizing current. Following this procedure data for a 
number of curves were taken for each gas until we were able to reproduce the 
curves within the errors of observation. 

The coupling factor of the upper turn of the discharge tube with the cop- 
per braid was investigated by substituting a similar tube filled with about 40 
small insulated copper wires with their ends soldered together. It was thought 
that the wires thus placed would approach the distribution of the gaseous 
current through the tube. On sending known currents through this impro- 
vised primary the coupling ratio, which proved to be strictly linear, was 
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Fig. 3. Currents in the electrodeless discharge in oxygen and hydrogen as a function 
of the pressure. Exciting current 57 amperes. 


found to be 2.84. The resistance of the secondary circuit including the am- 
meter was 0.033 ohm. 


EXPERIMENTAL RESULTS, PRESSURE-CURRENT CURVES 


The curves shown are all corrected to a constant exciting current of 57 
amperes. The ordinates are the values of the actual gaseous current flowing, 
obtained by the formula 


I, = 2.84 X I. 


Fig. 3 shows the pressure-current curves that were obtained for hydrogen 
and oxygen. Hydrogen was found to have the narrowest interval of excitation 
of any of the gases studied, and the maximum current for this gas was also 
found to be much smaller than that for any of the other gases, however this 
maximum was sharply defined. On the other hand the maximum current for 
oxygen was the largest that we observed for any of the gases. It was broad 
and its value nearly four times the maximum for hydrogen. Strange enough 
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these two maxima occurred at nearly the same pressure. The oxygen curve 
that was obtained was unique in that at the high pressure end it started off 
very suddenly at a pressure of about 0.172 mm Hg and with an initial current 
of nearly 6 amperes. At slightly greater pressures the luminous discharge sud- 
dently ceased, the current having dropped to zero. 

In general the two points at which any of the curves meet the pressure 
axis are points at which 57 amperes was the starting current for the “bright 
glow” for the given gas in this particular tube. It is proposed to use this appa- 
ratus for the study of the variation of the induced current with exciting cur- 
rent at constant pressure, to see whether the induced current reaches a satu- 
ration value as in the analogous case of the ordinary discharge tube with 
electrodes. 

In Fig. + are shown the curves for argon and neon. Both rise to about the 
same current maxima which is about two amperes less than that for oxygen, 
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Fig. 4. Currents in the electrodeless discharge in argon and neon as a function of 
pressure. Exciting current 57 amperes. 


however the pressure range is much greater for these two gases, that of neon 
being particularly large. Note that the maxima come at widely different pres- 
sures. To make the comparison with the other gases easier the maxima of 
these two gases are drawn to the same scale in Fig. 5. The current for neon 
dropped off to low values long before any of the other gases reached their 
maxima. 

The curves obtained for nitrogen and helium are shown in Fig. 6. They 
are very similar to each other and in pressure range are similar to hydrogen 
though their current maxima are each about 2.5 times greater. 

Table I gives the value of the maximum current for each gas, the pressure 
at the maximum, and the approximate pressure range of the “bright glow” 
discharge. The values tabulated are only useful as a means of comparing the 
gases since the actual currents and pressures depend on the size and shape of 
the tube, and on the nature of the source. 

Additional interesting points are: Thomson early showed that the dis- 
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TABLE 1. Maximum current, gas pressure at maximum and pressure range in the 
electrodeless glow discharge in various gases. Exciting current 57 amp. 








Maximum Corresponding Pressure range of 












































Gas current pressure “bright glow” 
Oxygen 9.9 amp. 0.060 mm Hg 0 .020-—0 .172 
Hydrogen B 0.052 0 .036-0 .090 
Argon 8.3 0.042 0 .020-0 .60 
Neon 8.4 0.190 0 .040-—1 .00 
Nitrogen 5.54 0.032 0 .018-0 .090 
Helium 5.8 0.033 0.017-0.10 
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Fig. 5. Same as Fig. 4 except plotted to the same pressure scale as in Fig. 3. 
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Fig. 6. Currents in the electrodeless discharge in nitrogen and helium as a function 
of pressure. Exciting current 57 amperes. 


charge would pass only when the tube formed a closed path, i.e., when it was 
reentrant. This observation was confirmed by the use of a non-reentrant tube 
B, Fig. 1. When this tube and the long sinuous one were connected to the 
system so that each had the same pressure it was observed that a brilliant 
discharge passed through the reentrant one, but not, in turn, through B. The 
conditions for no current in the former may be approached by increasing its 
gas and inductive resistance, i.e., increasing its length. Thus the ease with 
which the induced gaseous current passes is inversely proportional to the 
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length of the reentrant tube, and directly as the cross-sectional area. Hence 
reentrant tubes of this design should be of short length. 

The character of the discharge as the exhaustion proceeded presented an 
interesting sequence. It began gradually by a succession of flashes that went 
all the way round the discharge tube. These became more frequent and more 
luminous as the pressure decreased, finally filling the entire circuit with a 
brilliant glow. As the exhaustion proceeded the brilliancy reached a maximum 
and began to fall off, slowly at first, then rapidly dropped to an occasional 
flash confined to the lower turn of the tube, in sharp contrast to the flashes 
that went all the way round at the beginning. It should also be mentioned 
that at no time was there any indication of a current in the upper ammeter 
except when a luminous discharge was observed. This indicates quite clearly, 
as was expected, that no current passed when the “dull glow” alone was ob- 
served in the tube. 

Again, the discharge, even at its greatest brilliancy did not overflow into 
the expansion chamber or into the gas supply branch as may be seen by in- 
specting Fig. 2. Also at no time in the process of exhaustion, even in the case 
of nitrogen, was there any marked indication of an after-glow, which in itself 
is an indication of the purity of the gases studied. When the maximum in- 
duced gaseous current was allowed to pass for 4+ to 8 seconds the reentrant 
tube warmed up quite preceptably throughout its length. When the upper 
ammeter was replaced by a 3 cm length of No. 30 nichrome wire it could 
readily be fused by the inductive effect of the gaseous current. 

The oscillatory electrons do not show centrifugal tendencies at sharp 
bends and corners. A neon bulb previously sealed off at its most sensitive 
pressure will light up if inserted in the upper gaseous circle. 
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ABSTRACT 


Curves showing the rate of decay of the metastable 2°P» state of mercury atom 
in a quartz resonance cell, containing carefully purified nitrogen at room tempera- 
ture, are not accurately exponential. The rate of decay in the neighborhood of 4 10~* 
sec. after termination of the optical excitation, is more rapid than later. A high con- 
centration of nitrogen molecules excited to the first and second vibrational states of 
the zero electronic state might be expected, due to collisions of the second kind be- 
tween normal nitrogen molecules and mercury atoms in the 2°P, or 2°P, states. It is 
assumed that in addition to diffusion and dissipative impacts with unexcited nitro- 
gen, the decay of the number of metastable mercury atoms may be influenced by 
dissipative impacts with these excited nitrogen molecules whose number decreases 
with time by diffusion and by dissipative impacts. An equation for the number of 
metastable mercury atoms is then obtained of the form N = Ny exp | —at+A (e~®*—1)]. 
Evaluation of the constants from experimental data gives the following: For excited 
vibrating metastable nitrogen molecule, maximum observed life 0.52 10~* sec.; 
natural life, infinite; distance between centers at impact, 0.85 X 10~* cm; probability 
of dissipative impact, 80X10-*; diffusion coefficient 2.4 g-cm~?-sec™!:dyne™. For 
the metastable mercury atom, maximum observed life, 2.54 X 10° sec.; natural life, 
infinite; distance between centers at impact, 3.2 X 107° cm; probability of dissipative 
impact, 3.3 X10~; diffusion coefficient, 0.129 g-cm™-sec.~!- dyne™. 
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ERTAIN experiments on mercury fluorescence radiation with admix- 


tures of hvdrogen and nitrogen,' also iodine fluorescence radiation with 
£ g 


admixture of helium,? and experiments on electron impacts in nitrogen,*® have 
been interpreted* by assuming a strong persistence of molecular rotational 
and vibrational states in collisions. A recent treatment by Zener’* based upon 
wave mechanics, of the interchange in internal energy of molecules during a 
collision has strengthened this contention that vibrational and rotational 
quantum numbers may have a marked reluctance to change. Furthermore, 
vibrational levels of the normal state of symmetrical molecules are strictly 
metastable. It was thought, therefore, that if the nitrogen molecule really 
persisted in a vibrational state for a long length of time, its influence upon the 
life of the metastable mercury atom might be detected experimentally, and 


an actual estimate of the life of the vibrating nitrogen molecule made. 








1E. Gaviola and R. W. Wood, Phil. Mag. 6, 1191 (1928). 

2 J. Franck and R. W. Wood, Verh. d. D. phys. Ges. 13, 78 (1911). 
3 W. Harries, Zeits. f. Physik 42, 26 (1927). 

4 QO. Oldenberg, Phys. Rev. 37, 194 (1931). 

°C, Zener, Phys, Rev. 37, 556 (1931). 
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The life of the metastable mercury atom has been measured by various 
methods, but the method of interrupted optical excitation®:*? seems to be the 
most simple and direct. This method as has been previously used indicates 
that the concentration of metastable atoms decays approximately exponen- 
tially with time. It is the purpose of this paper to show that the decay is 
found to be not accurately exponential when very pure nitrogen is used and 
great care is taken in the photometric measurements and that the departure 
from the exponential may be attributed to the persistence of the nitrogen 
molecule in excited vibrational states. 


APPARATUS AND METHOD 


Mercury vapor at the saturation pressure corresponding to 21°C and con- 
tained in a quartz resonance cell with various pressures of admixed nitrogen 
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Fig. 1. Apparatus for intermittent optical excitation. 


was excited optically by the total radiation from two 110 volt d. c. “Uviare” 
quartz mercury arcs. The arcs were water cooled and the discharge pressed 
against the side of the quartz tube by a magnetic field. A strong air blast was 
also directed toward the anode of each arc. The position of the resonance cell 
with respect to the arcs is shown in Fig. 1. It is quite desirable to use two arcs 
for excitation instead of one, because in later considerations one wishes to 
assume a uniform concentration of metastable atoms in the resonance cell. 
But with only one arc it is not possible to get such a concentration, since the 
absorption coefficient® for the 2537 line in mercury vapor is approximately 
3X10-"; and therefore the greater number of metastable atoms would be 
produced within a few millimeters of the wall of the cell. This gradient in the 


6 T. Asada, Physik Zeits. 29, 549 (1928). 
7M. L. Pool, Phys. Rev. 33, 22 (1929). 
* A. L. Hughes and A. R. Thomas, Phys. Rev. 30, 466 (1927), 
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concentration of metastable mercury atoms along a diameter of the cell was 
noted by Wood® and roughly measured by Gaviola!® in order to get an esti- 
mate of the life of the metastable state. However, with two arcs, one placed 
on either side of the resonance cell, there exists an overlapping of two gradi- 
ents, giving in the center of the cell a region of comparatively uniform con- 
centration. 

The optical excitation of the resonance cell was interrupted by means of 
two disks, 50.4 cm in diameter and separated from each other by 3.5 cm. 
Between the disks was situated the resonance cell, 2.15 cm internal diameter 
and 12.4 cm long. In each disk were cut four sectors of such length that it was 
possible to excite the resonance cell 70 percent of the time per revolution of 
the disk. Collimating slits 1X55 mm were placed between the arcs and the 
resonance cell so that only 5.5 cm of the central portion of the cell would be 
excited and so that the excitation time would be sharply terminated when- 
ever an opaque portion of the disk came between the arcs and resonance cell. 

After the termination of the excitation period the cell remained dark for 
a short time until two one millimeter holes near the periphery of the disk 
came opposite two stationary ones. Then a flash of light from a glass 110 d. 
c. mercury arc, water cooled and magnetically deflected, passed longitudinally 
through the center of the resonance cell. Five small right angle prisms were 
used in directing this flash of light from one of the millimeter holes near the 
periphery through the resonance cell, and then through the other millimeter 
hole near the periphery. The light then passed through a lens before going 
into a spectrograph from which the slit was removed. The ratio of the time of 
flash to the dark time to the excitation time was 1 to 10 to 500. 

A mercury diffusion pump slowly circulated the nitrogen through the res- 
onance cell and over phosphorous pentoxide and hot copper and copper 
oxide for several hours previous to and during all runs in order to remove 
possible traces of hydrogen, oxygen, and water vapor. This method seemed 
quite effective because no HgO developed on the sides of the resonance cell 
even after 1000 hours of illumination. Eastman No. 36 plates were used. Each 
plate was calibrated with 15 to 20 density markings as obtained with neutral 
screens!! mounted on eccentrics and placed between the spectrograph and the 
disk. A Moll self-recording microphotometer was used to densitometer the 
plates. Since the speed of the disk was varied over a range from 100 to 1000 
r.p.m., the intermittency effect’? was not constant and was found to vary 
several percent, depending upon the light intensity and the length of expo- 
sure. 

RESULTS 


For a mixture of nitrogen at a few millimeters pressure and mercury va- 
por at 21°C in the resonance cell, the mercury line 4047 (2°P,)—2°S,) always 
showed marked absorption in the neighborhood of 10~* sec. after the interrup- 

9 R. W. Wood, Phil. Mag. 4, 466 (1927). 

10 E, Gaviola, Phil. Mag. 6, 1167 (1928). 

1G. R. Harrison, J.0.S.A. and R.S.1. 18, 492 (1929), 

2 C, E. Weinland, J.0.S.A. and R.S.I. 15, 337 (1927). 
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tion of the optical excitation. The lines 3650, 4077, 4358, 5461, 5770 and 
5790 showed at no time any measureable absorption. An investigation of the 
amount of absorption of 4047 was made for various time-waits (i.e. for vari- 
ous lengths of the dark period previous to the passage of the flash of light) in 
order to obtain a measure of the concentration of the metastable 2°P, state. 
However, the amount of absorption is not directly proportional to the concen- 
tration because of the atomic absorption coefficient, u, defined by N=, 
mw log(1)/7), where N is the number of metastable atoms per cc, J, is the in- 
tensity of 4047 after passing through previously unexcited resonance cell 
and / is the intensity after passing through previously excited cell. 
The general nature of the rate of decay of absorption with respect to in- 
creased time-wait after termination of optical excitation is shown in Fig. 2. 
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Fig. 2. A, semi-logarithmic plot of percent absorption of 4047 in mercury vapor with 3.2 
mm pressure of admixed nitrogen against the time after termination of optical excitation. 
N, semi-logarithmic plot of the corresponding number of metastable mercury atoms in arbi- 
trary units. 


It may be noted that after 3 10~* sec. there still exists over 11 percent ab- 
sorption. As shown in the figure the effect of the absorption coefficient is to 
give a decay rate of N somewhat greater than the decay rate of the absorp- 
tion of 4047. The most important point however, in this figure, is that the V 
curve is not a straight line but concave upward, indicating that the metasta- 
ble states decay more rapidly at first and more slowly later. This same char- 
acter is evident for other pressures as shown in Fig. 3. For nitrogen pressures 
below 2 mm (not shown in Fig. 3) the curves are straight lines whose nega- 
tive slope increases with decrease in pressure. Above 2 mm the curves are 
concave upward with an average negative slope that decreases until a pres- 
sure of 5 mm is reached. Beyond 5 mm the average negative slope increases 
with increased pressure. No measurements were made beyond 50 mm nitro- 
gen pressure. 
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Two objections might be made against the reality of dN/dt#constant as 
expressed by the fact that the curves of Fig. 3 depart from a straight line. 
First, N as obtained through the percent absorption and absorption coeffi- 
cient may not be directly proportional to the number of Hg’ (metastable 2*P, 
mercury atoms) per cc, because of various factors; namely, absorption coeff- 
cient changing™ with number of Hg’, pressure broadening of absorption line, 
displacement and dissymmetry in form of absorption line due to admixed 
foreign gas.'* In order to test this possible objection, the emission of 2537 was 
obtained at various time-waits after termination of the optical excitation. It 
is generally agreed that the intensity of 2537 at any particular instant after 
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Fig. 3. Semi-logarithmic plot of the number of metastable mercury atoms in arbitrary 
units for various nitrogen pressures against the time after termination of optical excitation. 


optical excitation is directly proportional to the number of metastable 2°79 
atoms present at that particular instant provided the concentration of the 
2°P. atoms is negligible, which is the case for mercury and nitrogen admix- 
tures as will be pointed out later. Fig. + shows the values of the intensity of 
the emission of 2537 in arbitrary units and also the values of NV as obtained 
from the absorption of 4047 plotted on semi-log paper against the time-wait 
in 10-4 sec. It is seen that the two are in fairly good agreement. It must be, 
therefore, concluded that the various factors mentioned above change but 
little when the partial pressure of Hg’ alone changes. One must not, however, 
conclude that these factors remain constant when the nitrogen pressure is 
changed. The advantage of running absorption measurements of 4047 in- 


13 A. R. Thomas, Phys. Rev. 35, 1253 (1930). 
44 P, Kunze, Ann. d. Physik 4, 500 (1931). 





9600 M. L. POOL 


stead of emission measurements of 2537 is that an exposure of 4047 could be 
obtained in a few minutes while one of 2537 necessitated an hour. As it is de- 
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Fig. 4. Semi-logarithmic plot of the number of metastable mercury atoms as obtained from 
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Fig. 5. Percent absorption of 4047 plotted for various time-waits after 
the beginning of optical excitation. 


sirable to have at least ten exposures on a plate, preferably twenty or more, 
it is very difficult to keep conditions constant for so long a time. 
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The second objection is that the concentration of Hg’, when the disk is 
running at high speed, might not be the same as when it is running at low 
speed. This point was checked by taking absorption measurements at various 
instants during the excitation period. Fig. 5 shows a typical curve obtained. 
The percent absorption is plotted against the time after the beginning of the 
optical excitation. The shortest excitation period used in the regular runs was 
16X10-* sec. It is seen from the figure that the concentration of Hg’ has 
practically reached a constant value by then. It may be added, parenthet- 
ically, that the life of the metastable mercury atom was also measured by a 
series of rate of formation curves for various pressures of nitrogen. The results 
are in general agreement with those obtained from the rate of decay curves, 
although not as accurate. 
























































3 
2's, 
4355 (4047 | 5461 
Resonsco |Assonseo |Raoiateo 
2°P, 
1s v Ni Forneo 25 Tiveurs 
YO .z Yes. STi vers 
eR — - 
K N,Formep| |NiLost |N’ Lost > .215 vere 
2°P, 
102 ” 
15M) SE eres 
K pttecnn 2537 
20 Assonoco 
1s= 4 
——— 
=— 
‘so — ¥=0 0 vets 1S 
NITROGEN MERCURY 


Fig. 6. Schematic diagram of a few of the energy levels of the mercury 
atom and of the nitrogen molecule. 


DISCUSSION 


It has been known for some time that nitrogen as well as a few other 
gases has a marked ability in producing a high concentration of 2°P» states 
in optically excited mercury vapor. This ability seems to be connected with 
the energy difference between the 2*P; and 2°P, states of mercury and the 
possible vibrational energies of the molecule." In the case of nitrogen the first 
excited vibrational state has an energy of 0.288 volts, and the second an en- 
ergy of 0.571 volts. The energy difference between the 2°P, and 2°P» states of 
mercury is 0.218 volts and between the 2°P, and 2°P, states 0.571 volts. Fig. 
6 is a schematic drawing of a few of the energy levels in mercury and _nitro- 
gen. Several of the rotation levels for nitrogen are plotted above each of the 
first three vibrational levels. At 20°C a greater percent of the nitrogen mole- 


1 M. W. Zemansky, Phys. Rev. 36, 919 (1930), 
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cules (11.2 percent, in fact) are in the sixth rotational state (K =6) than any 
other rotational state, as is represented by the horizontal length of the level. 
The lengths of the adjacent levels also bring out the fact that the statistical 
weight of the even levels is twice that of the odd levels. 

When a mercury atom is excited to the 2*?, state any one of a number of 
things might subsequently take place, as indicated in Fig. 6. The electron 
might be lifted to the 2°S, level by absorption of 4358 or dropped to the 2°P, 
level by a collision of the second kind with a normal nitrogen molecule. It has 
been suggested by Beutler and Rabinowitsch" that the nitrogen takes on vi- 
brational energy in this type of collision. It is difficult to see how this interac- 
tion takes place unless it is the nitrogen molecules in the sixteenth or higher 
rotational level that are put into the first excited vibrational state by the 
available 0.218 volts, the amount lost by the mercury. The sixteen or more 
units of rotation lost by the nitrogen molecule are conserved perhaps by the 
Hg Ny» system. Although only a little over two percent of the molecules are 
in the sixteenth level, the large cross section for collisions involving reson- 
ance as pointed out by Kallman and London" makes these few molecules 
very effective. Let 7X‘ represent a nitrogen molecule in its first excited vi- 
brational state.'* From the 2°S, level the electron might drop to the 2°P» level 
by emission of 5461. Since this level is also metastable we might expect the 
electron to remain there until a collision with a normal nitrogen molecule 
drops the electron to the 2°P; level, and leaves the nitrogen in its second ex- 
cited vibrational level, 'S“. This is, within a few frequency units, a case of 
exact resonance and would be expected to take place very readily. From the 
2*P, level the electron might be lifted to the 2°P, level by absorption of 0.218 
volts from the vibrational energy of either a'S“ or 'S@ molecule during the 
impact of a metastable mercury atom with an excited nitrogen molecule. 

In the fact that there exists nearly exact resonance in the energy differ- 
ence between the 'S°(k) and 'X'"(k) states of nitrogen and the energy dif- 
ference between the 2*P, and 2*P, states of mercury, probably lies the reason 
that no evidence for a long life 2*P. metastable state has been found—even 
though the emission of 5461 during optical excitation is exceptionally strong. 

The usual removal of the electron from the 2*P» state by collisions of the 
first kind, diffusion to the walls, and natural decay has not been represented 
in Fig. 6. We see that in addition to diffusion and dissipation impacts with 
unexcited nitrogen, the rate of decay of the number of metastable mercury 
atoms may be accelerated by dissipative impacts with these excited nitrogen 
molecules whose number and influence also decrease with time by diffusion 
and by dissipative impacts. 

With these ideas in mind let us consider a long cylindrical tube of radius 
r=a filled with both normal and excited nitrogen molecules and mercury 
atoms. Let NV’, be the number of nitrogen molecules per cc in the 'L" (Rk) and 


1° H. Beutler and E. Rabinowitsch, Zeits. f. physik. Chem. B8, 403 (1930). 

17H. Kallman and F. London, Zeits. f. physik. Chem. B2, 207 (1929). 

18 Prof. R. T. Birge suggested to me the symbol 'S")(K) to represent a molecule in the 'Y 
state with’y units of vibration and K units of rotation. 
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1Y@(k) states; D is the diffusion coefficient of a metastable mercury atom, 
and Dz is that of an excited nitrogen molecule; C is the number of collisions 
per sec. experienced by Hg’ with N, that are effective in removing the mercury 
atom from the metastable state; C. is the number of collisions per sec. per ex- 
cited nitrogen that are effective in removing the nitrogen molecule from excit- 
ed state. E is the number of collisions per sec experienced by Hg’ with excited 
nitrogen that are effective in removing mercury atom from metastable state. 
One then obtains the relations 


OV ON 1 aN 

a (= oan — CN — ENN; 
ol or? r or 

0 N,’ 0? NV »! 1 0 N 2 

dt or" ror 


We shall assume that V = .Ny=constant when ¢=0 and r=a; also N= N’, = 
0 for r=a at all time. We may separate the variables in the above equations 
by putting V=7R and N’,=T7:R,. where T and 7» are functions of the time 
only, and Rand R, are functions of the radius only. One then derives 
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where g=constant and B= (C:+¢@D. 

The solution Jo(gr) = R, of the first equation together with the help of the 
boundary conditions fixes g=,/a where u, is one of the infinite sequence of 
roots of Jo(u) =0. The final solution to a high degree of approximation is ar- 
rived at in the form 


N = No exp [— at + A(e-* — 1)] (1) 


where a=C+@D and A=E/8. 

By choosing four values of N from any one curve in Fig. 3, it is possible 
to solve the above expression for the unknown coefficients, a, 8 and A. The 
values of a and @ are plotted in Figs. 7 and 8 against the nitrogen pressure. In 
Fig. 7 it is seen that the minimum value of @ occurs in the neighborhood of 6 
mm admixed nitrogen. For pressures less than 6 mm a increases due to in- 
crease in number of collisions of the first kind. In Fig. 8 the minimum for is 
shifted to 20 mm nitrogen pressure. A shift to a higher pressure for the mini- 
mum of the coefficient for nitrogen might be expected since nitrogen diffuses 
more rapidly than mercury. The broken line shows an extrapolation of the 
curves for a and 6 may reasonably be made to pass through the origin. In 
other words the data of this experiment are not sufficiently accurate or the ex- 
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trapolation is too far to indicate a value of a or B different from zero. The 
interpretation would be that the metastable mercury and nitrogen, contained 
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Fig. 7. Decay coefficient, a, for metastable mercury when not influenced by metastable nitrogen 
plotted against various nitrogen pressures. 
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Fig. 8. Decay coefficient, 8, for metastable vibrating nitrogen molecule 
plotted against various nitrogen pressures. 


in an infinitely large resonance cell, would have an infinite life at zero nitro- 
gen pressure. This life may be called the natural life. 
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With the help of the kinetic theory of gases, it is possible by taking the 
values of a@ or 6 at any two pressures in Figs. 7 or 8 to calculate C and D or 
(2 and D, respectively. From the kinetic theory we may write 


C = 5.24y0*p X 10° D = 1755/o*p 
C2 = 6.95y202"p K 10° D = 2320/02*p 


where y is the probability that an impact involving Hg’ be a dissipative one 
for the Hg’, yz is the probability that an impact involving Hg’ bea dissipa- 
tive one for the N»2’, ¢ and o2 are distances, expressed in angstroms, between 
centers at impact for Hg’ and N,)’ respectively, p is the nitrogen pressure ex- 
pressed in mm of mercury. A summary of the various values calculated from 
the curves of Figs. 7 and 8 are given in Table I. 














TaBLe I. 
For Hg’ | For H,’ 
Prob. that impact be a dissipative one 3.3X10-6 80. X10-¢ 
Distance between centers at impact 3.2X10-8 cm 0.85 X10-§ cm 
Diffusion coefficient 0.129 gm* cm-** sec.~! * dyne! 2.41 gm * cm: sec.~! * dyne~! 
Maximum observed life . 2.54107 sec. 0.52 X10- sec. 
Pressure of N; for maximum life 6mm 20 mm 
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Fig. 9. Life in 10~* sec. for the metastable mercury atom and vibrating nitrogen 
molecule as a function of various nitrogen pressures. 


It must be added that the values quoted for N»’ are less accurate than those 
for Hg’, due perhaps to Ne’ (meaning nitrogen in either its first or second ex- 
cited vibrational state) functions as a second order effect. 

The reciprocal of a multiplied log. 2 gives the half-value time or life of the 
metastable mercury atom when not influenced by vibrating metastable ni- 
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trogen molecules. Likewise (1/8) log, 2 gives the life of the metastable nitro- 
gen. Fig. 9 shows a plot of these life times for various pressures of nitrogen. 
The life of Hg’ increases nearly linearly with small pressures of nitrogen, since 
the diffusion varies inversely as the pressure. For high pressures the life de- 
creases nearly linearly with pressure, since the number of collisions of the 
first kind increases directly as the pressure. The maximum life for Hg’ and 
N»’ is seen to occur for a nitrogen pressure near 6 mm and 20 mm respectively. 

If one assumes the distance between the centers for impacts involving 
Hg’ to be the distance between Hg’ and N, and the radius of Ne is the kinetic 
theory radius from viscosity, then one obtains the ratio of the radii for Hg’ 
to Hg to be 0.89 which seems quite reasonable. For the case of N’s the dis- 
tance between the centers at impact is given to be less than the diameter of 
the normal nitrogen molecule. This is, however, in accord with the recent 
calculations made by Zener. He calculates, for the simple case of a nitrogen 
molecule in its first excited vibrational state transferring its energy to a nor- 
mal nitrogen molecule at room temperature, a cross section for the transfer 
of 0.0'4X kinetic theory cross section; and with increase in mass of the two 
molecules an increase also in the resonance cross section. It must be remem- 
bered that in this experiment with mercury and nitrogen, the excited nitro- 
gen molecule may collide with Hg, Hg’, No or N»’. 

The two main points to be made in this paper are that with careful cali- 
bration of photographic plates the decay of the metastable 2*P, state of mer- 
cury is found not to be accurately exponential, and that the departure from 
the exponential can be reasonably attributed to long-lived excited vibrating 
metastable nitrogen molecules. 



















SEPTEMBER 1, 1931 PHYSICAL REVIEW VOLUME 38 


THE IONIZATION OF Kr AND Xe BY POSITIVE ALKALI IONS 
AND THE IONIZATION POTENTIALS OF 
Ne, A, Kr, AND XE 


By Orro BEECK AND J. CARLISLE Movuzon 
NORMAN BRIDGE LABORATORY OF Puysics, CALIFORNIA INSTITUTE OF TECHNOLOGY 


(Received July 27, 1931) 


HE previous work on the ionization of the noble gases by positive alkali 

ions! ?*+ has been extended to krypton and xenon using velocities up to 
600 volts, and the existence of a definite threshold at which ionization sets in 
has been studied for neon, argon, krypton, and xenon. The original apparatus 
described by Beeck*t was used. With respect to the ionization chamber this 
method is similar to that of Sutton! and of Sutton and Mouzon,* but the mass 
spectrograph for ion separation and the use of electrometers instead of gal- 
vanometers, which makes the use of lower gas pressures possible, are new re- 
finements. It is, however, noteworthy that the results of both methods are in 
very good agreement. 

Previous work on helium, neon, and argon has given the unexpected re- 
sult that the alkali ion nearest the noble gas in the periodic system is the most 
efficient ionizer. In the present work Cs* proves to ionize xenon most effi- 
ciently. In the case of krypton, however, K* seems to ionize equally as well 
as Rb*. Also K* ionizes xenon more efficiently than Rb*, while Rb* ionizes 
argon only slightly less than does K*. These facts indicate that these colli- 
sion phenomena are even more complicated than was formerly expected. The 
results show further that the maximum efficiency of ionization for a given 
accelerating potential increases with the atomic number of the gas. For ex- 
ample, the efficiency (the number of electrons liberated per initial positive 
ion per cm path per mm pressure) of caesium in xenon at 500 volts is 7.2 
while that of potassium in argon is 3.4. 

A second new and significant result, which is contrary to expectations 
based upon previous theories, is that there appears to be a definite threshold 
at which ionization begins. This was studied in neon, argon, krypton, and 
xenon. As the accelerating potential is increased from zero the ionization re- 
mains zero up to a certain point. Above this point the ionization increases al- 
most linearly showing no indication that it approaches zero asymptotically 
at the lower voltages. In all cases except that of potassium in krypton it was 
definitely shown that the ion nearest the noble gas in the periodic system be- 
gins to ionize at the smallest voltage. This is in close correspondence with the 


1 Richard M. Sutton, Phys. Rev. 33, 364 (1929). 

2? R. M. Sutton and J. C. Mouzon, Phys. Rev. 35, 694 (1930). 
3 Otto Beeck, Naturwissenschaften 18, 719 (1930). 

4 Otto Beeck, Ann. d. Physik 6, 1001 (1930). 

5 R. M. Sutton and J. C. Mouzon, Phys. Rev. 37, 379 (1931). 
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maximum efficiency of this combination. The observed ionization potentials 
in volts are given in the table. 


Li* Na* Kt Rb* Cs* 
Ne 307 175 320 420 437 
A 100 105 95 180 (365) 
Kr (420) (400) 80 100 143 
Xe 250 (360) 120 145 105 


( ) probable error +10 volts. 


A detailed account of this work will appear in the “Annalen der Physik” 
in the near future. 
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THE AGING OF IONS IN AIR AND NITROGEN* 


By JoHN ZELENY 
YALE UNIVERSITY 
(Received July 1, 1931) 


ABSTRACT 


Previous work on the mobility of aged ions in air has been extended to the meas- 
urement in air and in nitrogen of mobilities of ions at different short ages. The ions were 
produced by alpha-rays directly in the field used for their measurement and the 
average age was obtained from the time taken by the ions to cross between the two 
electrodes. In air containing 4 mg of water per liter, both kinds of ions of short age had 
the same mobility of 2.0 cm?*/ volt - sec while at an average age of 0.18 sec the negative 
ions moved 8 percent faster than the positive. In air partially dried by KOH the mo- 
bility of the negative ions decreased from 2.3 (above units) at 0.004 sec to 2.1 at 0.34 
sec while the positive ion mobility decreased from 2.0 at 0.004 sec to 1.7 at 0.26 sec. 
In air dried by aid of liquid air traps the negative ion mobility decreased from 2.44 at 
0.004 sec to 2.35 at 0.28 sec. The positive ions in this dry air were found to be 
very sensitive to minute changes in conditions that had no effect on negative ions. 
These changes are supposed to arise from small traces of some unknown impurity. 
Positive mobilities as high as 2.3 at 0.05 sec were obtained. The new information is 
applied to the explanation of the previous results for older ions. No transformation 
of one type of positive ion into another single type as observed by Erikson was found 
under the conditions of these measurements. The ions were all found to have the same 
mobility at the shortest ages but with increase of time the ion mobilities became spread 
over a range of values, the numbers given above corresponding to the peak of the dis- 
tribution curves. The nitrogen used contained 0.3 percent of oxygen. The negative 
ions of short age all had a very high mobility which could only be roughly estimated as 
of the order of 100. With increase of age these fast ions gradually transformed into 
slower ions which were not all alike and had a peak mobility that decreased from 3.0 
at 0.04 sec to 2.5 at 0.25 sec. The fast negative ions presumably remain free electrons 
for a large portion of their path and since their mobility does not appear to change 
with time it is necessary to suppose that these ions alternate frequently between being 
free electrons and monomolecular ions, but after more molecules become attached, the 
ion can no longer revert to the electron stage. The positive ions in nitrogen were always 
contained in one group only, the peak mobility of which ranged from 2.2 at 0.007 sec 
to 1.8 at 0.17 sec. The slow decrease of mobility of the ions with age and the large 
effect of slight changes apparently of gas composition upon the rate of this decrease 
for positive ions especially, indicate that the ions are gradually undergoing change of 
size owing to the accretion of scarce molecules or the exchange of such molecules 
for those which first gather about the central charge to form an ion cluster. 


RECENTLY' reported the results of some measurements of the mobilities 

of ions in air which were made with ions about two seconds after they had 
been formed. These ions were, I believe, the oldest artificially produced ions 
on which observations have thus far been made. In general the mobilities of 

* The first part of this paper dealing with ions in air was read at the March 6, 1931 meeting 
of the American Philosophical Society and is given here in abstract only. See Proc. Am. Phil. 
Soc. 70, 121 (1931). 

1 J. Zeleny, Phys. Rev. 34, 310 (1929): 36, 35 (1930). 
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both kinds of ions in very dry air and in air containing a small amount of 
moisture were found spread over one more or less extended band of values, 
although in extremely dry air two groups of negative ions were resolved. The 
mobility obtained for the peak of the distribution curve of the faster and 
larger group of negative ions in this very dry air was 2.45 cm®* volt-sec 
[em, sec per volt, cm] and that of the positive ions was only 1.05 cm?/volt- 
sec. The corresponding values obtained for air containing about 2 mg of water 
per liter were 2.08 cm® volt sec and 1.36 cm® volt-sec respectively. It is to be 
noted that in the presence of moisture the mobilities of the negative ions were 
reduced and those of the positive ions were increased. 

Since these values for aged ions ditler considerably from those usually 
given for ions of much smaller age and since the method developed is capable 
of giving accurate results it seemed advisable to extend the measurements to 
ions of short age. This was made possible by modifying the apparatus so that 
the ions could be produced directly in the electric field in which their 














a b 


Fig. 1. Sections of apparatus showing how ions were produced in gas stream. 
§ £ § 


mobility was measured. The method used consists in having ions move under 
the influence of an electric field from the outer of two concentric cylinders to 
the inner one and finding how far they are blown down stream during their 
passage by a slow, nonturbulent stream of air flowing axially in the space be- 
tween the two cylinders. The distribution of the ions on their arrival at the 
inner cylinder is found by moving the whole cylinder axially and measuring, 
for different positions of it, the ion current flowing to a narrow insulated sec- 
tion of the cylinder. A more detailed account of the method and apparatus 
is given in the previous papers. ! 

Fig. 1 shows the change made in the apparatus to permit the ions to be 
subjected to mobility measurement immediately after their formation. a and 
b represent transverse and longitudinal sections, respectively, of portions of 
the two cylinders A and B. The plate P, 1 mm thick, has on its lower edge 
a deposit of polonium, for the preparation of which I am indebted to Pro- 
fessor A. F. Kovarik. Alpha-rays from the polonium produce ions in the 
air stream close to the inner surface of the outer cylinder, after passing 
through aluminum covered, 1 mm wide openings made in that cylinder along 
a circumference. The dotted line in the figure represents the path of the ions 
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going from the outer cylinder to the insulated section E of the inner cylinder, 
which the wire // connects to the electrometer. The average age of an ion 
during the measurement of its mobility, being half the time taken by it to 
make its journey, was varied from 0.004 sec to 0.34 sec. 

It was found that at the shortest ages used, the spreading of the ions along 
the inner cylinder could be fully accounted for by diffusion effects,! indicat- 
ing that the ions of each sign at these ages all have the same mobility. For 
older ions this was, as previously, found to be far from true, and when numer- 
ical values of mobilities are given it will be understood that these refer in each 
case to the ions comprising the peak of a distribution curve. 

In air partially dried by passage between broken sticks of caustic potash, 
the mobility of the positive ions was found to decrease with age from 2.0 
cm?/volt-sec at an average age of 0.005 sec to 1.7 cm?/volt- sec. at an average 
age of 0.26 sec, the rate of decrease being greater in the first part of this 
range than in the last part. Under the same conditions the mobility of the 
negative ions diminished from 2.3 cm?*/volt-sec at an average age of 0.004 sec 
to 2.1 cm®, volt sec at an age of 0.34 sec. None of the curves giving the dis- 
tribution of the positive ions on their arrival at the central cylinder had more 
than one peak, and accordingly no transformation with time of one definite 
kind of positive ion into another of lower mobility, such as was found by 
Krikson,? was observed in these experiments. 

In air containing about 4+ mg of water per liter, the mobilities of the posi- 
tive and negative ions were found to be identical up to an average age of 0.02 
sec. The actual values at these small ages differed somewhat on different days, 
perhaps owing to changes in the water content of the air used, but averaged 
approximately 2.0 cm? volt-sec. For ions older than the age limit just given, 
the mobilities of the two kinds of ions differed more and more with age owing 
mainly to the decrease in the mobility of the positive ions; the negative ions 
having a mobility 8 percent higher than the positive ions at an average age 
age of 0.18 sec. Here again only one peak was present in the ion distribution 
curves. 

Lastly, many measurements were made in air thoroughly dired by pas- 
sage first through large jars of granulated calcium chloride and of sticks of 
caustic potash, and then through tubes and filters immersed in liquid air. The 
mobilities of the negative ions were found here to decrease but slowly with 
age, the final average value at an average age of 0.004 sec being 2.44 cm?*/ 
volt-sec and decreasing gradually to 2.35 cm*/volt-sec at an average age of 
0.28 sec. This rate of decrease is nearly the same as that recently reported 
for both negative and positive ions by N. E. Bradbury.* 

My own observations show that the positive ions in this very dry air are 
very sensitive to slight differences in the gas since they were found to undergo 
marked changes with prolonged use of dry air in the apparatus. The first set 
of observations with this air gave 2.0 cm®/volt-sec for the mobility of the 
positive ions at an average age of 0.005 sec, the value decreasing with the age 
2 H. A. Erikson, Phys. Rev. 24, 502 (1924). 
3.N. E, Bradbury, Phys. Rev. 37, 1311 (1931). 
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of the ions down to 1.4 cm?*/volt-sec for an average age of 0.22 sec. After 
continued use of dry air, the values obtained increased in magnitude to 2.3 
cm®/volt-sec at an average age of 0.05 sec and to 2.2 cm?/volt-sec for an 
average age of 0.1 sec. These values are but little lower than those of negative 
ions of like age and are much higher than any heretofore reported for positive 
ions in air. In addition to the peak in the distribution curve corresponding to 
the above high mobility there was now present also a lower peak of ions of 
somewhat smaller mobility. 

The large influence of the following procedure on positive ions in dry air 
is significant. The filters and coils used in drying the air had to be discon- 
nected from the apparatus at least every three or four hours to remove the ice 
crystals that collected and which partly clogged the system. Notwithstanding 
the great care used to avoid the introduction of any contamination during the 
operations this involved, when observations were resumed the mobilities of 
the positive ions were always found to have decreased by 10 to 20 percent 
from the last previous values and only rose again to the large magnitudes 
mentioned above after the observations had been repeated over and over 
again. A similar procedure had no effect on the results obtained for negative ions. 

It thus appears that positive ions are much more easily influenced than 
are negative ions by whatever foreign molecules are here involved. A possible 
source of these molecules which has not been investigated may have been an 
insulation plug situated some distance down stream from the place where the 
ions were subjected to measurement and from which some molecules may 
have diffused and become deposited on the upstream portions of the cylinders 
while the apparatus was not in use. In any case the amount of this impurity 
must have been exceedingly small since even in its presence the values of the 
mobilities obtained were as high as any previously reported. . 

The great sensitivity to the presence of traces of impurities exhibited by 
positive ions in air is in accord with the recent similar results of Tyndall and 
Powell for helium and nitrogen, whose paper was received while this work 
was in progress. 

The very slow decrease with time of the ionic mobilities here observed 
shows that extremely rare collisions are involved in the growth of the ions. 
The presence of a very small amount of some impurity whose molecules pos- 
sess a large polarity would account for the results. The low value of 1.05 
cm?/volt-sec. previously found! for the mobility of old positive ions in dry 
air can on this ground be explained by supposing these ions to consist of a 
slowly acquired aggregation of such molecules. That the mobility of the 
positive ions under like conditions was considerably higher in moist air than 
in dry air may arise from water molecules, owing to their greater number, be- 
coming attached to the ions before these come into favorable collision with 
molecules of the impurity in question and thus somehow preventing the 
growth of as large an aggregation as before. 

The small group of slow negative ions previously found in dry air may like- 
wise result from the attachment of special impurities to ions of the faster 


* A. M. Tyndall and C. F. Powell, Roy. Soc. Proc. A129, 162 (1930). 
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group. An adequate explanation is still needed for the greater readiness with 
which positive ions form clusters. 


NITROGEN 


The measurements of the mobilities of ions in nitrogen were made with 
commerical gas prepared from air by the Linde process. The gas contained 
approximately 0.3 percent of oxygen and may accordingly be considered a 
mixture like air with the proportion of oxygen present reduced to about one 
percent of its amount in air. The gas was dried by aid of liquid air traps and 
filters. 

Examples of the ion distribution curves obtained for negative ions in this 
gas with potentials on the outer cylinder ranging from —200 volts to —10 


























Fig. 2. Distribution of negative ions in nitrogen on arrival at inner cylinder, for different 
potentials indicated. Ordinates give ion currents in arbitrary units. The abscissas indicate 
position of ion collecting ring of inner cylinder, the divisions being millimeters. The average 
gas stream for the 200 v, 100 v, 50 v, 30 v and 10 v curves was respectively 9.65, 9.41, 7.70, 7.71 
and 6.07 cm/sec. 


volts are shown in Fig. 2. The ordinates represent ionization currents in 
arbitrary units and are not comparable with one another owing to a change 
made in the ion source. The scale of abscissas is different for the different 
curves, but each axis is divided into millimeter units. The vertical broken 
lines marked by 0 show the position in each case of the experimentally deter- 
mined peak of the ion distribution curve when no gas stream was flowing, 
from which the deflection produced by the gas stream is to be measured. The 
stream velocity was varied and is given in the caption to the figure. 

It is seen that with — 200 volts on the outer cylinder the negative ions are 
deflected so little by the slow gas stream used that the distance could not be 
accurately determined. However, a very high mobility is indicated. As the 
potential on the cylinder was diminished it is seen that a portion of the ions 
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retain this high mobility but a larger and larger part of them have their 
mobility greatly reduced. With —10 volts on the cylinder fully four-fifths of 
the fast ions have been transformed to a slower type. The time taken by 
electrons to cross between the two cylinders is in this case about 3X 107 sec. 

Not much weight can be attached to the mobility of the group of fast ions 
computed from the slight but definite deflections produced by the slow gas 
stream, but the widely differing values obtained have an average approx- 
imately of 100 cm*/volt-sec. The largest deflection of 0.42 mm was naturally 
obtained with — 10 volts on the cylinder and this should be reliable to about 
10 percent. The mobility computed from it is 90 cm?/volt-sec. 

Had these ions remained free electrons for all of their journey they should 
not have been appreciably deflected by the gas streams used since Wahlin‘® 
found the mobility of electrons in nitrogen to be about 10! cm?*/volt-sec for 
fields of the magnitude here used. On the other hand these ions move far 
more rapidly than monomolecular ions should go according to any theory 
yet proposed. It is natural to suppose therefore that they are free electrons 
for a larger part of their journey and that they consist of electrons attached to 
molecules of oxygen for the remainder of their path. If an electron continues 
to adhere to a molecule, once it becomes attached we should expect the fast 
ion group to become more spread out and its peak mobility to decrease as 
the time of passage increases because more and more of the electrons will have 
attached themselves to molecules in the early part of their journey. This does 
not appear to be the case. The actual results may be explained on the hypo- 
thesis that so long as an electron is joined to one molecule only, it may readily 
become detached and hence that during its passage the ion alternates fre- 
quently between being a free electron and being monomolecular. This would 
account for the mobility of the fast group remaining unchanged with time. 

We must suppose further that when the monomolecular ion grows by 
accretion of more molecules, it can rarely if ever lose the electron that gives 
it its charge. This would account for the gradual transformation of the fast 
ions into slower ones. 

As regards the negative ions of slower mobility, not only does their 
number increase with decrease of voltage on the cylinder but the peak mobil- 
ity decreases as well, as seen by the numbers indicated on the curves. On the 
— 100 volt curve, there is only a suggestion of these slower ions. While the 
— 50 volt curve can be resolved into two simple curves as indicated by the 
broken lines, this resolution into two symmetrical groups is no longer possible 
for the —30 volt curve, as shown by the broken lines on that diagram, and 
even much less so for the — 10 volt curve where the slower ions form a group 
having a very extended distribution of different mobilities. It thus appears 
from these curves that the ions are not only gradually increasing in size up to 
the longest time used but alsc that a number of sizes are present at one time. 
As indicated on the curves the peak mobility of the slower group of negative 
ions decreases with the time required for the ions to make the passage, being 
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3.0 cm?/volt-sec for 0.04 sec and 2.5 cm?/volt-sec for 0.25 sec. The rate of 


> H. B. Wahlin, Phys. Rev. 23, 69 (1924). 
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this change is much larger than that found for air and since oxygen molecules 
are here present in comparatively small numbers it would seem that these are 
not primarily involved in this growth of the ions although we have assumed 
that it is an oxygen molecule that first becomes attached to the free electron 
since a nitrogen molecule cannot do so. 

Samples of the distribution curves for positive ions in nitrogen are given 
in Fig. 3. Here again the vertical broken lines marked by 0 on the +50 volts 
and +200 volts curves indicate the position of the peak of the curve obtained 
when no gas stream was flowing. Taking cognizance of the different scales 
for the abscissas on the different curves it is seen that the curves become 
wider as the voltage on the cylinder is decreased and hence as the time of 
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Fig. 3. Distribution of positive ions in nitrogen on arrival at inner cylinder, for different 
potentials indicated. The average gas stream for the 200 v, 50 v, 30 v and 10 v curves was 
respectively 9.65, 7.72, 7.86 and 6.12 cm/sec. 


’ passage of the ions is increased. This widening is still very marked after allow- - 
ance is made for the effects of diffusion and mutual repulsion' and shows the 
presence here also of ions of different mobilities. There is but one peak on 
each curve and the mobility corresponding to this peak changes from 2.2 
cm*/volt-sec for an average age of 0.007 sec to 1.8 cm?/volt-sec for an aver- 
age age of 0.17 sec. The larger value given is even higher than the preliminary 
value of 2.1 cm*/volt-sec recently reported by Tyndall and Powell,‘ and is 
approximately the same as the highest value obtained for positive ions in dry 
air. 

Some measurements were made with nitrogen taken directly from cylin- 
ders of the compressed gas, without removing from it the residual moisture 
it contained. The amount of this moisture was not determined but from other 
experiments was estimated to be about 0.2 mg per liter. The transformation 
of the fast negative ions into the slower types was now more rapid than it 
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was in the dry gas. When —50 volts was used on the outer cylinder about 
30 percent of all of the negative ions were of the slower kind, and with — 20 
volts this fraction had increased to nearly 70 percent. The mobilities of the 
positive ions obtained with +200 and +20 volts on the cylinder were about 
10 percent smaller than the values obtained for the same potentials when the 
gas was dried by aid of liquid air. 

I am indebted to my assistant, Mr. W. P. Cunningham, for valuable aid 
with the observations. 
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ABSTRACT 


The distribution of mercury atoms scattered from NaCl, KCI, KBr and KI has 
been studied by means of an ionization gauge as a function of the angle of incidence 
and temperatures of scatterer and incident beam. The following facts are observed for 
the first three crystals: (1) There is a directed beam whose deviation from a specular 
position increases at smaller glancing angles. (2) The angle between the crystal surface 
and the direction of maximum intensity in the directed beam becomes less for lower 
crystal temperature and higher beam temperatures. (3) The relative number of 
atoms scattered at random increases with decrease in crystal temperature. (4) The 
directed beam becomes more sharply defined at lower crystal temperatures. Within 
the limits of error of the present experiments no discernible change is produced by 
rotation of the scattering crystal about an axis perpendicular to the plane of its face. 
The above facts are shown to be, qualitatively at least, consistent with a space-grating 
theory of reflection. In the case of KI the scattering was entirely random, i.e., accord- 
ing to the cosine law. This is also true for scattering by glass. 


INTRODUCTION 


gts is known about the details of the processes by which energy is 
transferred from a solid to a gas. Previous studies of the scattering of 
atoms striking the surfaces of solids have shown that the following processes 
occur. 

First, atoms striking the surface of a solid may be adsorbed and subse- 
quently re-evaporated, !* so that all directions of motion of the atoms leaving 
the surface are equally probable, leading to the familiar cosine distribution. 
The velocity of the re-evaporated atoms is determined by the temperature 
of the surface on which they were adsorbed. 

Second, the superposition characteristics of the quantum mechanics which 
find their intuitive expression in the wave concept lead us to expect phe- 
nomena analogous to space and surface grating diffraction in optics. The ex- 
periments of Knauer and Stern* and Estermann and Stern‘ establish clearly 
the existence of phenomena of the latter type and the exper:ments of John- 
son’? on scattering of atomic hydrogen could scarcely be otherwise inter- 
preted. The existence of specularly reflected beams of atoms® together with 
an apparent velocity selection’ suggested by the results of double reflection 


1R. W. Wood, Phil. Mag. 30, 300 (1915). 

2 1. Langmuir, Phys. Rev. 8, 149 (1916). 

3’ F, Knauer and O. Stern, Zeits. f. Physik 53, 779 (1929). 

‘TI. Estermann and O. Stern, Zeits. f. Physik 61, 95 (1930). 

5’ T. H. Johnson, Phys. Rev. 36, 381 (1930). 

6 A. Ellett and H. Olson, Phys. Rev. 31, 643 (1928). 

7 A. Ellett, H. Olson and H. Zahl, Phys. Rev. 34, 493 (1929). 


977 








978 H. A. ZAHL AND A, ELLETT 


experiments and of experiments in which the velocities were measured di- 
rectly has been interpreted by H. F. Olson and the present writers as evidence 
of a process analogous to Bragg reflection of x-rays. 

Any process which is to result in thermal equilibrium between a solid and 
a gas in contact must provide for the transfer of energy and for the depen- 
dence of this energy transfer upon relative temperatures of solid and gas. Ob- 
viously the first mechanism discussed, that of condensation and subsequent 
re-evaporation, is satisfactory from this point of view. 

It may be asked whether the two latter mechanisms, surface or space- 
grating reflection, provide a means for the attainment of thermal equilibrium. 
Where the effective mass of the crystal is large, i.e., where a large number of 
atoms scatters coherently so that the resolving power is large, the amount of 
energy transferred will be very small. The experiments of Stern, Knauer and 
Estermann show that in those cases of surface-grating diffraction which they 
have studied the velocity distribution of the scattered atoms is just that char- 
acteristic of the gas from which they came. These atoms in rebounding from 
the crystal have exchanged momentum and consequently energy with the 
crystal, but the large effective mass of the crystal renders the energy trans- 
fer negligible. 

That the distribution of intensity in an optical spectrum is determined 
by the nature of the source rather than by the temperature of the diffraction 
grating is of course due in the same way to the fact that the effective mass of 
the grating is large compared to that of a photon. If we could experiment with 
gratings sufficiently light or photons sufficiently massive we might expect 
to detect in the spectrum of the grating the influence of the temperature of 
the grating as well as that of the source. 

Similarly with heavy atoms or under circumstances such that the effective 
mass of the crystal is small we may expect to find evidence of a transfer of 
energy. The experiments now to be described, on the reflection of mercury 
atoms from alkali halide crystals, we believe are best understood as a case of 
space-grating reflection accompanied by an energy transfer by no means neg- 
ligible. 

METHOD 


The distribution of heavy atoms scattered from crystal surfaces has been 
investigated previously®:*:> by condensing the scattered atoms upon a liquid- 
air cooled surface surrounding the scattering crystal. The use of this method 
is limited practically to metals which are solid at ordinary temperatures and 
not too readily oxidized on exposure to air. Even in these cases there is some 
difficulty in interpretation of the results. Over a limited range of densities 
microphotometer transmission curves may be used to obtain the relative 
number of atoms in various parts of the deposit, but of course, heavy deposits 
are completely opaque while very light deposits on the other hand evaporate 
so rapidly that it is impossible to obtain significant transmission curves. A 
further serious difficulty with the deposit method is that the scattering crys- 


* 11. A. Zahl, Phys. Rev. 36, 893 (1930). 
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tal must be removed from the apparatus between runs, so that it is not possi- 
ble to say that its condition is the same in two runs. 

In the experiments now to be described the relative numbers of mercury 
atoms scattered in various directions by alkali crystals were measured by 
means of an ionization gauge. This made it possible to study the effects of 
change in the angle of incidence, temperature of the scattering crystal, and 
temperature of the incident beam all in a single run. 


APPARATUS 


The apparatus used, shown schematically in Figs. 1 and 2, resembles in 
its general outlines an ordinary x-ray spectrometer, and in fact must be ad- 
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Fig. 1. Diagram of apparatus. 


justed just as is such a spectrometer. That is to say the crystal must rotate 
about an axis in the plane of its face, and this axis must lie in the center of 
the incident beam of atoms, the latter being defined by the boiler opening and 
the liquid-air cooled slit just below the crystal. The axis about which the 
ionization gauge is rotated must be colinear with the axis of rotation of the 
crystal. These adjustments were effected by placing a closely fitting needle 
into the projecting aperture of the gauge and adjusting the needle and gauge 
supports so that the point of the needle appeared to remain stationary when 
the gauge was rotated about its axis. In a similar manner the crystal mount- 
ing was adjusted so that its axis of rotation lay in the plane of the crystal 
face. Coincidence of the two axes of revolution was then secured by adjusting 
the supports carrying the ground glass joints by means of which rotation was 
effected. The adjustment was finally checked optically. A beam of light from 
a source placed directly below the boiler aperture was reflected from the crys- 
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tal and must then pass through the aperture of the ionization gauge for all 
positions of the crystal and proper relative position of the gauge. 

The operation of the ionization gauge as a pressure measuring device is 
too well known to require discussion here. Johnson® has considered its applica- 
tion to the measurement of molecular beams but found it unreliable because 
of difficulties which he ascribed to adsorption. We have had no difficulty with 
phenomena of the type reported by Johnson provided the gauge is sufficiently 
outgassed., 
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Fig. 2. Essential details of beam system. Insert shows electrical 
scheme of ionization gauge used. 


The elements of the gauge were those of an ordinary ‘peanut’ vacuum 
tube with the filament replaced by 1 mil non-thoriated tungsten wire. These 
were enclosed in a glass envelope having a volume of about 6 cc, to which was 
sealed a capillary side tube 0.72 mm in diameter and 7.5 mm long. This aper- 
ture was arranged so that the atoms of the incident beam struck the opposite 
glass wall of the gauge instead of striking the metal parts directly. Since the 
point opposite the aperture is struck by more mercury atoms than any other 
part of the gauge it is here that adsorption should first occur and as mercury is 


* T. H. Johnson, Phys. Rev. 31, 103 (1928). 
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probably less readily adsorbed on clean glass than on metal the gauge was 
arranged in this manner. 

About the outside of the gauge was wound a heater to aid in out-gassing 
and to reduce adsorption, but it was not required for the latter purpose as 
heat generated by the filament kept the gauge sufficiently hot, once it had 
been well out-gassed. The positive ion current due to residual gas was in all 
cases less than one half of one percent of that obtained when the gauge was 
placed into the main beam. That adsorption of mercury on the gauge walls 
was not appreciable may be seen from the fact that upon removing the gauge 
from the main beam the galvanometer returned to its zero within thirty to 
forty seconds. This was with the electron current reduced so that the main 
beam gave only 500 mm deflection. When the gauge was used for measuring 
the much less intense scattering its sensitivity was increased by a factor of 
2.6 by increasing the electron current. 

The gauge aperture offers to the molecular beam entering the gauge no 
impedance whatever and admits to the gauge the same number of molecules 


=> 
a 


Fig. 3. Illustrating situation when gauge is used to measure 
the scattering from a crystal. 


from the beam as would a thin walled circular aperture of the same area 
provided the incident beam has negligible divergence. To molecules escap- 
ing from the gauge, however, the aperture offers an impedance 9 times as 
great as would a thin circular aperture of the same area, and the pressure 
produced in the gauge by a given incident beam of small divergence is in- 
creased by just this factor. This of course applies only under circumstances 
such that the mean free path is long compared to the length of the gauge 
aperture so that collisions between molecules of the entering beam and mole- 
cules escaping from the gauge may be neglected. 

The situation when the gauge is used to measure the scattering from a 
crystal is somewhat more complex and may be more readily discussed with 
the aid of a diagram, see Fig. 3. Molecules leaving any part of the shaded 
area within a cone whose solid angle is virtually constant and equal to A/r* 
will enter the gauge without impedance, and in addition some fraction of the 
molecules coming from this same area with directions lying between this cone 
and the cone defined by the area A’ will also enter. Outside the shaded area 
the solid angle within which molecules may enter without striking the walls 
of the gauge aperture drops off rapidly but molecules may of course enter the 
gauge from parts of the crystal surface from which it is not possible to see 
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directly into the gauge, and to calculate the fraction of such molecules enter- 
ing might be rather difficult. This difficulty may be avoided by using a nar- 
row incident beam so that the entire area of the crystal struck by the incident 
atoms lies close to the axis of the gauge aperture. Otherwise the area of the 
crystal from which molecules enter the gauge will increase as the gauge is 
moved away from the crystal normal. With the dimensions of the present 
apparatus this condition was not met for angles of incidence (measured from 
the crystal face) less than 25 or 26°. 

Fig. 4+ shows the distribution of atoms scattered from a heated glass sur- 
face when the incident beam made an angle of 31° with the surface. From the 
surface of an amorphous substance such as glass we would expect random 
scattering so that the number of molecules scattered into an infinitesimal 
cone of solid angle dw making an angle @ with the crystal surface is pro- 
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Fig. 4. Distribution of mercury atoms from a glass surface, glass 
heated to 350°C, beam temperature of 170°C, 


portional to sin @dw. That is to say, the readings of the ionization gauge 
when plotted on polar coordinate paper should lie on a circle whose center is 
on the normal to the scattering surface. The full curve in Fig. 4+ is a circle 
having its center on the normal to the glass surface. A systematic departure is 
noticeable, and in fact as the broken curve shows, the observed points lie 
very closely on a circle whose center is 3° off the normal. This probably does 
not indicate any such systematic departure from cosine scattering, but merely 
means that the direction of the normal to the glass surface was not accurately 
known. This curve represents the first observations made with the apparatus 
and the optical method of checking alignment had not yet been developed. 

Further, if mercury atoms are scattered from glass according to the cosine 
law the reading of the gauge when standing on the normal to the crystal sur- 
face should be the same for all angles of incidence, provided the entire width 
of the surface struck by the incident beam is equally effective. At small angles 
of incidence as was mentioned above it is to be expected that the illuminated 
section of the glass will become so wide that some parts of it will not be effec- 
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tive, especially when the gauge stands on or near the normal. Figure 5 shows 
readings of the gauge placed on the normal to the glass surface plotted against 
the angle of incidence. These readings are constant as far as 30° while at 20° 
the reading has dropped about 5 percent. 

Interpreting gauge readings as in Fig. 4, amounts to assuming that the 
galvanometer deflection is proportional to the number of atoms entering the 
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Fig. 5. Readings of gauge when placed on the normal to the glass surface 
plotted against the angle of incidence. 


gauge, and for low pressures this is the characteristic behavior of the ioniza- 
tion gauge. As a check it is worth mentioning that the reading of the gauge 
when placed in the main beam was proportional to the vapor pressure as 
calculated from the vapor pressure temperature equation, which is quite 
accurately known for mercury. 

Fig. 6 shows the readings of the gauge as it was swept through the inci- 
dent beam. This does not give the distribution of intensity in the beam, as the 
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Fig. 6. Direct beam (uncorrected). 


center of rotation of the gauge is far removed from the point from which the 
molecular beam diverges, but the fact that the curve is symmetrical does 
show that the axis of rotation of the gauge lies near the center of the inci- 
dent beam. The fact that 6-7° rotation of the gauge away from the maximum 
is required to bring the gauge reading back to zero does not mean that the 
incident beam had this great divergence, but merely that the gauge required 
to be rotated this amount to swing the opening of the gauge channel clear 
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of the beam, for as long as the channel opening remains in the beam some 
molecules striking the walls of the channel will enter the gauge. 

The width of the incident beam deduced from the movement of the gauge 
channel opening required to clear it is just what would be expected from the 
relative sizes and positions of the boiler aperture and upper defining slit. 
The details of construction of the boiler are shown in Fig. 1. The upper and 
lower halves insulated by the quartz washer w could be heated separately so 
that the vapor pressure of the mercury in the boiler could be controlled by 
regulating the temperature of the lower half of the boiler while the velocity 
with which the mercury atoms left the boiler could be increased by super- 
heating the upper half. The constriction ¢ served to reduce diffusion of atoms 
between the two sections of the boiler so that the vapor in its passage through 
the upper section might more nearly attain a velocity distribution character- 
istic of the temperature at which the walls of this super-heater were main- 
tained. It is not to be expected that the molecules escaping from this boiler 
possess a Maxwell distribution of velocities, for at the pressure maintained in 
the boiler (4-7 mm Hg) the free path is much shorter than the diameter of 
the boiler orifice. However, as long as the amount of mercury escaping from 
the boiler is proportional to the boiler pressure it may be expected that 
deviations from a Maxwell velocity distribution will not be extremely large, 
as both the reduction in the quantity of gas escaping and the deviation from 
the Maxwell distribution are due to the same cause, namely collisions occur- 
ing in the vicinity of the orifice. 

The results presented in the next section will show that the distribution 
of atoms scattered by a crystal is affected by the velocity distribution in the 
atomic beam. That is, the changed velocity distribution brought about by 
super-heating is immediately evident in the changed distribution of scattered 
atoms while on the other hand the scattering is not affected by changes in 
boiler pressure, at least as long as the boiler pressures are kept below the 
value at which the beam intensity ceases to be proportional to boiler pressure, 
and this in itself may be taken to indicate that the velocity distribution in the 
beam is approximately independent of boiler pressure over the range in 
question. 

EXPERIMENTAL RESULTS 


(1) Reflection of Mercury from Rocksalt as a Function of the Angle of Incidence 

Fig. 7(a, b, c, d, e, f, g) represents the results obtained during a single run, 
the curves therefore being representative of but one crystal. The angle of 
incidence was changed in 9° steps from 18 to 72° (the angle referred to is 
always measured from the crystal surface). The circles are single experimental 
points and could be repeated to within two or three percent. For all the curves 
the crystal temperature’® was maintained at 350° C while the incident beam 


10 Ellet and Olson® have found that in the region of this temperature outgassing of NaCl 
seems to be almost complete. J. H. Frazer (Phys. Rev. 34, 644 (1929)) has also found, in agree- 
ment with Ellett and Olson, that at 330°C the thickness of adsorbed gas on the surface of an 
NaCl crystal appears to have reached a minimum. 
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was held at 170° C. In the curves the arrows indicate: (1) the direction of the 
incident beam; (2) the position the maximum of the reflected beam should 
occupy if the reflection were specular and total; and (3) the normal to the 
crystal surface. 

Consider Fig. 7(a). The beam strikes the crystal at an angle of 18°. A; 
represents the curve obtained by sweeping the gauge over the crystal surface. 
If we consider the atoms after leaving the crystal surface as a combination 
of random scattered atoms and those definitely inclined in a specular direction 
then the experimental curve should allow separation into two such compon- 
ents. Moreover, since the degree to which cosine scattered atoms are present 
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Fig. 7 (a, b, c, d, e, f, g). Distribution of mercury atoms from NaCl as a function of 
the angle of incidence, crystal at 350°C, beam at 170°C, 


is surely limited by the intensity in the regions of the normal and particularly 
by the intensity on the side of the normal opposite to the reflected beam, an 
estimate of the cosine scattered atoms can be obtained. The circle marked A ; 
represents the estimate of the number of atoms scattered according to the 
cosine law. Belief in the validity of such a procedure is strengthened when 
upon subtracting the cosine scattered atoms from the curve A, a quite sym- 
metrical curve Az is obtained as the second component. It can be seen that 
the directed curve A» obtained after the subtraction is considerably dis- 
placed from the position it would occupy if the atoms contributing to this 
curve were specularly reflected. 

For greater angles of incidence, i.e., Fig. 7 (b, c, d, e, f, g) the cosine cor- 
rection has not been applied since the movement of the gauge was restricted 
by the upper defining slit and what end points were available in the region of 
the crystal normal contained increasing numbers of directed atoms making an 
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approximation to the number of random scattered atoms comparatively un- 
certain at larger angles of incidence. It is for this reason that most of the work 
to be described has been done at small angles of incidence. 

It should be noted, however, since correcting the experimental curves 
consisted simply in subtracting the area of the estimated circle, that unless an 
impossible cosine circle falling beyond the experimental points be chosen the 
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Fig. 8 (a, b, c, d). Distribution of mercury atoms from NaCl as a function of the tempera- 
ture of the crystal and the temperature of the incident beam: 
(a) Curves A;,2,3: crystal, 350°C; beam, 170°C; in Table, No. 
B,,2,3: crystal, 50°C; beam, 170°C; in Table, No. 
(b) Curves A1,2,3: crystal, 350°C; beam, 500°C; in Table, No. 
B,,2,3: erystal, 50°C; beam, 500°C; in Table, No. 
(c) Curves A;,2,3: crystal, 50°C; beam, 500°C; in Table, No. 
B,,2,3: crystal, 50°C; beam, 170°C; in Table, No. 
(d) Curves A;,2,3: crystal, 350°C; beam, 500°C; in Table, No. 
B, 2,3: crystal, 350°C; beam, 170°C; in Table, No. 
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effect of any such correction applied to curves such as 7(b) and (c) would not 
move the experimental beam into the specular position. On the basis of the 
data shown in Fig. 7, and three more similar runs not shown but given equal 
weight, (it was not deemed advisable to average results since individual crys- 
tals showed distinct differences) it appears that up to angles of at least 45° 
the corrected curve is not specular. 


(2) Effect of Temperatures of Scattering Crystal and of Boiler Upon the Scatter- 
ing of Mercury Atoms by Sodium Chloride Crystals 

The effect of varying separately the temperatures of crystal and boiler 
is shown in the four curves a, b, c, d of Fig. 8. In the case of Fig. 8(a) the 
beam emerging from a boiler at a constant temperature of 170° C was in- 
cident at an angle of 18° upon a crystal at 350° C (Curves A ;.2,3) and 50° C 
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Fig. 9. Distribution of mercury atoms from NaCl as a function of the crystal temperature 
and the temperature of the incident beam, angle of incidence equals 54°. 
Curve A: crystal, 50°C; beam, 170°C; in Table, No. 15 
B: crystal, 350°C; beam, 170°C; in Table, No. 16 
C: crystal, 50°C; beam, 500°C; in Table, No. 17 
D: crystal, 350°C; beam, 500°C; in Table, No. 18 


(Curves B, 2,3). The effect of the same change of crystal temperature when 
the boiler is maintained at 500°C is shown in Fig. 8(b) in which A,,2,3 and 
B,.2,3; are for crystal temperatures of 350°C and 50°C, respectively. The 
angle of incidence was in this case 21.6°. 

The effect of changing the boiler temperature while that of the crystal is 
maintained constant may be seen in Fig. 8(c and d). In Fig. 8(c), Ai,2,3 and 
B,.2.; are for boiler temperatures of 500°C and 170°C with the crystal 
maintained at 50°C while in 8(d) we have the corresponding situations with 
the crystal at 350°C. 
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We note the following changes which have occurred in all cases of NaCl 
studied: (1) The position of the maximum shifts towards a smaller angle 
(closer to the specular position) with decrease in crystal temperature. (2) The 
number of atoms scattered at random increases with a decrease in crystal 
temperature. (3) The corrected beam definitely becomes narrower with de- 
crease in crystal temperature. (4) The position of the maximum shifts to- 
wards a smaller angle with increasing beam temperature. 

That the same changes occur at larger angles of incidence may be roughly 
seen in Fig. 9 (A, B, C, D). Here the incident beam makes an angle of 54° 









































Fig. 10 (a, b, c, d). Distribution of mercury atoms from KBr as a function of the crystal 
temperature and the temperature of the incident beam. 
(a) Curves A;,2,3: crystal, 350°C; beam, 170°C; in Table, No. 8 
B,,2,3: crystal, 50°C; beam, 170°C; in Table, No. 7 
(b) Curves A;,2,3. crystal, 350°C; beam, 500°C; in Table, No. 10 
B,,2.3: crystal, 50°C; beam, 500°C; in Table, No. 9 
(c) Cruves A:,2,3. crystal, 50°C; beam, 500°C; in Table, No. 9 
B,,2,3: crystal, 50°C; beam, 170°C; in Table, No. 12 
(d) Curves A;,2,3: crystal, 350°C; beam, 500°C; in Table, No. 10 
B,,2,3: crystal, 350°C; beam, 170°C; in Table, No. 11 


with the crystal surface. The conditions represented by the curves A, B, C, 
and D are given under the illustration. There has been no attempt to separate 
these curves into directed and random scattered components but the changes 
in the positions of the maxima are evidently quite similar to those which 
occur at smaller angles. 
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(3) Reflection of Mercury from KBr and KCI" as a Function of Temperatures of 
Crystal and Beam. 


Fig. 10(a, b, c, d) and Fig. 11 are representative of the data available on 
KBr and KCl. Comparisons are made in the same way as in Fig. 8. The 
general form of these curves and the effects produced by changing crystal and 
boiler temperatures are evidently the same as in the case of NaCl discussed 
in detail above. For KI, however, the situation is quite different. 
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Fig. 11. Distribution of mercury atoms from KCI as a function of the temperature of the 
crystal. 


Curves A;,2,3: crystal, 350°C; beam, 170°C; in Table, No. 13 
B,,2,3: crystal, 50°C; beam, 170°C; in Table, No. 14 
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(4) Reflection of Mercury from KI 


A crystal of KI heated to a temperature of 350°C was found to scatter an 
incident beam of mercury quite closely following the cosine law. In Fig. 12 
is shown a case in which a beam of mercury was incident upon the crystal 
surface at an angle of 36°. The broken line is the circle upon which the points 
would fall were the cosine law followed. The experimental points through 
which the full line is drawn suggest that the scattering in this case is of a 
cosine nature with no indication of directed scattering. 


(5) Calculation of Directed and Random Scattered Atoms 
To obtain the relative number of atoms contributing to the cosine 


scattered and quasi-specular beam the following procedure was employed. 


1! The crystals of KBr, KCI and KI used in these experiments were kindly furnished us 
by Professor H. M. Randall of the University of Michigan, 
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It was found that the corrected beams A, and By could be quite well repre- 
sented by curves of the form 
T= [ax Cos mb 


where m is some number chosen to fit the particular curve. m was always 
greater for lower crystal temperatures. These curves with properly chosen 
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Fig. 12. Distribution of mercury atoms from KI: crystal, 350°C; beam, 170°C, 


values of m can be fitted so closely with the experimental curves that inten- 
sities obtained from them by integration are considered to be accurate to 
within the limits of experimental error. 

In Fig. 13 is shown a typical case in which cos 36 has been used to repre- 
sent a curve obtained with a NaCl crystal at 50°C and a cos 2.56 curve to 
represent the case of the same crystal at 350°C. The dots represent the cor- 
rected experimental points. 




















Fig. 13. Typical agreement obtained between corrected ex; erimental 
curves and curves having form cos mé@, 


On the following basis one may write for the total relative intensity of 
the corrected quasi-specular beam 


I,= 2 aimee) f | J cos m@ sin 0do@dé (1) 
0 0 
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where Jo nsx) is the corrected galvanometer reading on the maximum of the 
directed curve. 

By the same integration we obtain the relative number of atoms con- 
tributing to the cosine beam, i.e., 73, by putting m=1 and letting I3 max) be 
the diameter of the circle representing these atoms. 

To check on the accuracy of such integrations the following procedure 
is available. If the beam temperature is kept constant and curves are obtained 
for two different crystal temperatures the total number of atoms scattered 
must remain the same in both cases since the gauge records all atoms whether 
in the cosine or directed beam. The degree to which the following equa- 
tion is true when experimental values are substituted serves as a check on the 
assumptions made during the integration. 


Ts, + I 4, - Tp, + Tp; (2) 


where 4A and B represent different crystal temperatures, the beam remaining 
constant. 


(6) Discussion of the Table 


In the Table are presented the results available at this time. In column 
(1) is given the type of crystal. The numbers to the left of the crystal formula 
represent different crystals. Strict comparison outside of each parallel set of 
data is thus permissible only if this crystal identification number is the same, 
comparison then being restricted to changes in angle and relative percentages 
in the cosine and directed beam, since in changing the beam temperature it 
was not feasible to obtain exactly equal vapor pressure at the gun opening 
for the two different velocity distributions. 

In column (2) is given the figure identification. In other words, if there is 
a number listed in this column corresponding to a certain curve then the ex- 
perimental points of this run are plotted in one of the illustrations and may 
be identified by the corresponding number in the figure caption. 

Column (4) lists the location of the maximum of the corrected directed 
beam while in column (6) is given the change in this maximum due to the 
change in crystal temperature given in column (5). 

The value of m for which cos m@ showed the best agreement with the 
directed beam is given in column (8). Columns (9) and (10) list the values of 
the relative intensities of cosine and directed scattering obtained as explained 
above. Column (11) shows to what degree equation (2) holds when values list- 
ed in (9) and (10) are substituted into this equation, thereby giving an ap- 
proximation to the magnitude of the error introduced by the integrations. 

In column (12) are listed the relative percentages of atoms contributing 
to the directed beam. 


(7) Reflection of Mercury from NaClas a Function of the Vapor Pressure at the 
Gun Opening 


The work discussed up to this point has been done with the same ap- 
paratus under essentially constant conditions. Recently, the present writers 
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TABLE . Reflection of mercury from crystals of sodium chloride, potassium 
chloride, potassium bromide and potassium iodide. 
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(1) Nach’) 21.6° | 31.5° | so] 5.99 | 170°C] cos 2.50 | 13.2 | 23.9 | 37.1 35.6% 
21.6 37.4 350 170 cos 2.250] 19.1 19.7 38.8 49.3 
(2) NaCl 1 21.6 30. 50 | 4.5 170 cos 2.90 Ra 25.65 32.65 21.4 
} 3 21.6 34.5 350 | 170 cos 2.50 10.55 22.8 33.35 31.7 
} 
{ (2) NaCl 21.6 27. 50 | 3.5 375 cos 30 7.66 | 25.97 33.63 22.8 
21.6 30.5 350 375 cos 2.76 9.85 | 21.6 31.45 31.3 
(2) NaCl 2 21.6 25 50 3.3 500 cos 30 7.87 29.3 37.17 21.2 
4 21.6 27.5 350 500 | cos 2.70 9.48] 26.9 36.38 26. 
{(3) NaCl 21.6 32 50 4. 170 cos 2.70 7.21 35.8 43.01 16.8 
] 21.6 36 350 170 cos 2.250 10.3 32.2 42.5 24.2 
| 
(3) NaCl 21.6 29 50 3.5 375 cos 30 7.35] 30.3 37.65 19.5 
21.6 32.5 350 375 cos 2.70 10.15 30. 40.15 25.3 
(4) NaCl 5 18 36 50 6. 170 cos 30 4.36 21.1 25.46 17.1 
18 42 350 170 cos 2.50 7.57 17.9 25.47 29.7 
(5) NaCl 18 32 50 5. 170 cos 30 7.93 20.6 28.53 27.8 
18 37 350 170 cos 2.50 33.2 15.8 29 5.5 
(6) NaCl 18 35 50 6 170 cos 30 6.26 19, 25.26 24.8 
18 41 350 170 cos 2.50 12.1 11.8 23.9 50.7 
(7) NaCl 18 27 50 4 170 cos 30 4.16 9.25 13 31. 
18 31 350 170 cos 2.50 7.7 8.55 10.25 47.4 
(8) NaCl 18 27 5 170 cos 30 4.95 10.3 15.25 32.4 
18 32 35 170 cos 2.50 8.75 a3 45 50.1 
(9) NaCl 18 40 350 170 cos 30 5.73 13.1 18.83 30.4 
(10) NaCl 18 38 350 170 cos 2.50 10.4 16.7 27.1 38.4 
(11) NaCl 18 30 350 170 cos 2.50 7.82 10.7 17.82 39.9 
(12) KCl 14 21.6 33 50 3.1 170 cos 2.50 12.4 33.6 46. 26.9 
13 21.6 37.4 350 170 cos 2.20 23.2 26.1 49.3 47 
(13) KBr 7 1.6 27.5 50 33 170 cos 2.250 | 8.39 4.4 2.79 19.6 
8 21.6 33 350 17 cos 20 15.9 27 2.9 ya 
{(14) KBr 12 21.6 27 50 3. 170 | cos2.89 | 5.9 29.4 35.3 16.7 
| 11 21.6 30 350 170 | cos 2.50 11.5 24.5 36. 31.8 
(14) KBr 9 21.6 22 | 50 3 500 | cos 30 | gt 24.4 30.2 19.2 
10 21.6 25 | 350 | 500 | cos 2.80 8.88 | 21.5 30.38 29.3 
; ' 
(15) KI 19 36 (Incident beam scattered according to the cosine law) 
| 
(16) NaCl 15 54 $3.3°% 3 6 170 
16 54 61.5 350 70 
((16) NaCl 17 54 51. 50 5.5 500 
18 54 56.5 350 500 
(17) NaCl 45 53 50 5.5 17 
45 58.5 350 170 
(18) NaCl 45 §2.5 50 7.8 170 
45 59. 350 170 
(19) NaCl 54 49.5 50 6 170 
54 53.5 350 170 
(20) NaCl 54 54. 50 5 170 
54 59, 350 170 


























* The numbers in column 1 denote different individual crystals. If the crystal position has not been changed the num- 
bers in column 1 are the same. Thus the three sets of data opposite (2) NaCl were taken with the same crystal which was 
kept fixed while the crystal and beam temperature were varied. 

** The remainder of the angles listed in this column represent the peak of the uncorrected beam. 
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and Mr. R. R. Hancox have experimented with other ionization gauges re- 
sulting in the development of a gauge of greater sensitivity which could be 
used with considerably lower vapor pressures. In brief, with 20 m.a. electron 
current coupled with increased ionization efficiency, an increase in sensitivity 
over the old gauge by a factor of about 25 was obtained. 

In Fig. 14 is shown a group of curves taken with this new gauge. The re- 
flecting crystal was NaCl, the incident beam making an angle of 20° with the 
crystal surface. In the case of curves A and B, the crystal was held at a tem- 
perature of 350°C while for curve C the temperature of the crystal was ap- 
proximately 100—-150°C. The vapor pressures at the gun opening for A, B 
and C were 0.5, 2 and 10 mm, respectively. 
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Fig. 14. Reflection of mercury from NaCl as a function of the vapor pressure at the 
gun opening: A, 0.5 mm of Hg; B, 2 mm; C, 10 mm. 


It can be seen that over this range of vapor pressures the general char- 
acter of the curves remains the same. The curve C which is taken at a lower 
crystal temperature has changed in agreement with the findings discussed 
earlier. The amount of random scattering in the case of this particular crys- 
tal is rather large but other crystals of NaCl have been found which give 
similar results. 

It is evident from Fig. 14, though the mean free path at the gun opening 
for a pressure of 0.5 mm is small compared to the diameter of the opening, 
there is little change brought about when the pressure is increased further by 
a factor of 20. This increases our confidence in the assumption that in the 
incident atomic beam deviations from a Maxwell distribution of velocities 
are not great under the conditions described earlier. 
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(8) Rotation of the Plane of the Crystal 


A second experiment using the new gauge was as follows: The crystal 
was mounted so that during a run it could be rotated on an axis perpendicular 
to the plane of the crystal face. Thus runs could be made under comparable 
conditions with the crystal oriented so that rows of alternate ions were paral- 
lel and perpendicular to the plane of the beam while by a rotation of 45° 
rows of similar ions could be brought into this position. 

In Fig. 15 curve A, rows of alternate ions are parallel and perpendicular 
to the plane of the beam while curve B is taken under identical conditions 
save that the crystal was rotated in its plane through 45° bringing rows of 
similar ions parallel and perpendicular to the plane of the beam. Curve C 
represents a half-way position. For these data the crystal was held at 350°C, 
the beam was incident at 19° and the pressure at the gun opening was 1 mm. 
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Fig. 15. Distribution of mercury atoms from NaCl as the crystal is rotated 
about an axis perpendicular to the plane of its face. 


Clearly, if there are any changes brought about by change in crystal 
orientation, they are quite small and beyond the accuracy of the present 
method of experiment. 


SUMMARY AND DISCUSSION 


Zine and cadmium atomic beams incident upon rocksalt give rise to di- 
rected reflection which for large angles of incidence is specular, at least within 
the limits of accuracy of the deposit method used in studying the phenomena. 
Even with these lighter atoms, however, observations at small angles of in- 
cidence (6-10°, measured from the crystal surface) have shown unmistakable 
departures from specular reflection. It seems very probable that the process 
involved in the reflection of these lighter elements is the same which gives 
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rise to the various phenomena reported in this paper for the case of mercury. 
However, the deviation of the directed reflected beam from the direction of 
specular reflection appears to be considerably greater with mercury than with 
either cadmium or zinc. 

The mechanism involved in the reflection process must then account, 
qualitatively at least, for the following facts: 

(1) The existence of a directed beam. 

(2) The deviation of the direction of maximum intensity in this beam 
from the direction of specular reflection. 

(3) The decrease of this deviation with higher beam and lower crystal 
temperatures and with lighter atoms. 

(4) Better definition of the directed beam (narrowing of the beam) at low 
crystal temperatures, accompanied by an increase in the relative amount of 
random scattering. 

The existence of directed scattering is sufficient to show that the scatter- 
ing process is not merely condensation and re-evaporation. The possibility of 
reflection because of the abrupt change in potential energy at the crystal 
boundary must be considered. Johnson™ has pointed out that this process is 
analogous to that of reflection of light from an imperfect (slightly rough) mir- 
ror and has considered that the effect of increased thermal agitation at higher 
crystal temperatures will produce the same effect as increased roughness of 
the mirror. That is to say it should result in increased random (cosine) scatter- 
ing. In the present experiments the opposite effect has been observed. That 
is, the intensity of cosine scattering is always greatest at low crystal tempera- 
tures. 

Another factor which might enter at low temperatures is the formation of 
a gas layer on the crystal surface, and this would lead to increased cosine 
scattering. It would not however account for the fact that the definition of 
the directed beam is better at low crystal temperatures and this increased 
definition or narrowing of the beam is quite consistently observed. Neither is 
it evident how the presence of a gas layer could account for the maximum of 
the directed scattering being shifted towards the direction of specular re- 
fection. 

There remain the possibilities of scattering processes analogous to surface 
and space-grating diffraction in optics. The wave-lengths of the heavy atoms 
with which we deal here are so short that we could scarcely expect surface- 
grating phenomena except perhaps at grazing incidence. At first sight there is 
the same objection to space-grating phenomena, but we must remember that 
in this case there occurs in the wave equation a quantity’ whose effect is 
analogous to that of the refractive index in optical problems. Moreover in the 
case where the change in potential energy at the crystal boundary cor- 
responds to the existence of repulsive forces the refractive index 


w= (1 — o/3mv*)'? 


” T. H. Johnson, J. Franklin Inst. 210, 135 (1930). 
‘Bethe, Naturwiss. 15, 787 (1927). 
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is less than unity so that it will operate to increase the apparent wave-length 
inside the crystal. This perhaps requires us to imagine that the atoms re- 
flected from the crystal penetrate through several layers of the crystal lattice, 
and to this we must admit an intuitive repugnance. However, the chief basis 
of this reaction may be merely our intuitive “billiard ball” picture of the atom, 
leading us to imagine that such a process must lead to disruption of the 
crystal. 

If we may be permitted to lay aside this objection for the moment we can 
show that the space-grating picture possesses certain advantages in that it 
appears to give a fairly good qualitative representation of the experimental 
facts, for it is apparent that for suitably small values of the refractive index 
there might arise phenomena closely analogous to the familiar Bragg reflec- 
tion of x-rays, and this is the most obvious explanation of the existence of 
specular reflection. The concept of the resolving power of the crystal for de 
Broglie waves, determined essentially by the number of crystal planes effec- 
tive in scattering, appears as a possible explanation of the fact that the di- 
rected beam is more sharply defined and relatively less intense at lower crystal 
temperatures, for decreased thermal agitation of the crystal should increase 
its resolving power in this case just as in the optical case. The fact that the 
direction of maximum intensity in the directed beam does not coincide with 
the direction of specular reflection suggests that the effective refractive index 
may be a complex quantity as it is in the optical case when absorption is taken 
into account. 

The ideas advanced by Duane™ and Compton" in connection with x-ray 
diffraction may lead to a clearer picture, as the emphasis is placed on the 
particle rather than the wave aspect of the situation and the application of 
our ordinary notions of conservation of momentum and energy is more 
evident. The relative translatory motion of a crystal and an atom is periodic 
as displacement through a distance equal to the lattice space brings the sys- 
tem back to its initial configuration. The quantization" of such a periodic 
motion leads at once to equations which have the form of Bragg’s x-ray equa- 
tion if h/mv is interpreted as a wave-length. 

The mass of the crystal entering into the equations expressing the laws of 
conservation of energy and momentum is the mass of that part which be- 
haves as a rigid body, i.e., suffers no distortion. Scattering in which momen- 
tum and energy are communicated to a group of atoms acting as a rigid body 
has been called by Williams!’ coherent scattering or the atoms are said to 
scatter coherently. This is a convenient term, suggesting as it does the close 
connection between the wave and the particle aspects of the situation. From 
the equations of conservation of energy and momentum it is at once evident 
that the larger the portion of the crystal which scatters coherently the less 


4 W. Duane, Proc. Nat. Acad. Sci. 9, 158 (1923). 

% A. H. Compton, Proc. Nat. Acad. Sci. 9, 359 (1923). 
6 P, Jordan, Zeits. f. Physik 37, 376 (1926). 

17 E. J. Williams, Proc. Camb, Phil. Soc. 24, 343 (1928). 








DISTRIBUTION OF SCATTERED Hg ATOMS 997 


will be the energy communicated to the crystal and the more nearly will the 
direction of rebound of the reflected atom make an angle with the crystal 
surface equal to the angle of incidence. Increased thermal agitation of the 
crystal at higher temperatures will reduce the size and mass of the coherently 
scattering groups, and the reflection will depart more and more from the 
specular direction. It is evident too that for a given size of coherently scatter- 
ing groups the deviation from the specular direction will be less for light 
atoms, all of which is in accord with observation. 
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ABSTRACT 


There should be three noncombining varieties of methane, the nuclear singlet, 
triplet and quintet, and two of ammonia, the nuclear doublet and quadruplet, just as 
there are two of hydrogen, the nuclear singlet and triplet (*para” and “ortho” hydro- 
gen). In this paper the statistical weights of the rotational states have been evaluated 
and used in conjunction with the Raman spectra data to calculate the heat capacities 
of each separate variety of methane, of the true equilibrium mixture and of the 
“frozen equilibrium” mixture. The feasibility of demonstrating experimentally the 
existence of these different varieties of methane is discussed in the light of the present 
calculations. 


HE elegant experiments of Bonhoeffer, Harteck! and co-workers and of 

Eucken? who experimentally verified the predicted’ existence of the two 
symmetry modifications of hydrogen, nuclear singlet and triplet (commonly 
designated by the perverted! nomenclature, para and ortho-hydrogen) led 
one to immediate speculations! concerning similar modifications of other com- 
pounds containing more than one hydrogen atom to the molecule. Owing to 
a discovery by one of us® of some peculiar differential vapor pressure effects 
with methane at liquid air temperature treated with and without active char- 
coal, it was deemed desirable to make calculations of the relative amounts of 
the different forms, their specific heats and the average specific heat of the 
mixture in true equilibrium and of the one in the frozen metastable equilib- 
rium, since it was by such differences that Bonhoeffer was able to make his 


! Bonhoeffer and Harteck, Naturwiss 17, 182 (1929); Zeits. f. phys. Chem. B4, 113 (1929)° 
Sitzb. Preuss. Akad. Wiss. 103, (1929). Abhandl. a. d. Kaiser Wilhelm nst. f. Phys. u. El’ 
Chem. 12, 121, 129, 305 (1929), 

* Eucken, Naturwiss 17, 182 (1929); Eucken and Hiller, Zeits. phys. Chem. B4, 142-157 
(1929). 

3 Heisenberg, Zeits. f. Physik 41, 239 (1927); Hund, ibid. 42, 93 (1927). 

4 Cf. Eucken and Hiller, Zeits. f. phys. Chem. B4, 142 (1927) their footnote 4; Mulliken, 
Trans. Faraday Soc. 25, 634-645 (1929), especially p. 638 his footnote 16. 

5G. S. These experiments were first made during the winter of 1929-30. Later experiments 
more carefully performed showed that the observed differences in vapor pressure might be 
ascribed to delay in reaching equilibrium between liquid and vapor as well as to a change from 
the “frozen” to the pure equilibrium which was at first postulated. A minor effect may still be 
found to exist by means of an improved differential method for determining the vapor pressure 
which we intend to apply. In the meanwhile Harteck and Schmidt (Naturwiss. 18, 282 (1930) 
have looked unsuccessfully for such an effect in nitrogen, methane and chlorine. 
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famed experiments. In this paper we wish to present the results of this calcu- 
lation, reserving for a possible subsequent one the description of the experi- 
mental work which has been in progress now for over a year. 


THEORETICAL 


In order to calculate the heat capacity of a gas, it is necessary to know 
the energy levels €; and their a priori probabilities. When these are known, 
use is made of the familiar equations: 


N; = Nope! *T (1) 
dine; 
E=N—— (2) 
din: 
MC, = dE/OT. (3) 


If we neglect stretching effects, the rotational levels are given by the 
formulae 


ej = Ji + 1)h?/8r° (4) 
if the molecule is rod-shaped, or 
€j2 = (h?/8r?) [fj + 1)/A + (1/C — 1/A)z?] (5) 
1<j 


if it is shaped like a symmetrical top. 

Thea priori probabilities measure the degeneracy of the energy levels and 
may be looked upon as the number of levels which happen to have exactly 
the same energy. The vector model of the molecule is an accurate guide in 
simple cases for finding the number of these levels, for it is the number of 
quantized orientations which the angular momentum may take on in a force 
field, (2;+1) for the rod shaped molecule or (27+1)? for the symmetrical 
top, if we lump all possible values of t associated with each j. The rigorous 
rule is to be found from the application of the Pauli principle in quantum 
mechanics. The a priori probability is the number of different ways of com- 
bining subsidiary eigenfunctions to get a total eigenfunction completely anti- 
symmetric’ in the protons. The total eigenfunction may be ordinarily’ taken 
as a product of the electronic, vibrational, rotational and nuclear eigenfunc- 
tions, which we call subsidiary. 


v - VeWvibrWrotW nuclei (6) 


6 An antisymmetric function, A, is defined as one which has its sign changed by inter- 
changing the designations of two like particles; a symmetric function, S, is defined as one which 
suffers no change from such an interchange. If the like particles are electrons, we speak of 
symmetry characteristics in (regard to) the electrons; if the like particles are protons, sym- 
metry in the protons; if the like particles are nuclei, symmetry in the nuclei. Symmetry in the 
electrons is of interest to a discussion of the electron multiplicities. In the present problem we 
are interested only in the symmetry characteristics in the nuclei (or protons—the designations 
are equivalent for hydrogen) and hereafter shal! be understood as referring only to the latter 
type. 

7 Hund, Zeits. f. Physik 43, 805 (1927). 
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If the molecule is in its lowest electronic and vibrational state, they may be 
disregarded since they are symmetric (exceptions occur when there is an extra 
unlike atom in the molecule, with the result that the lowest vibrational state 
may be double, both A and S) and do not change the symmetry character 
of any function which they multiply. In the case of two equal nuclei, the 
products obey the rule 


SXS=S ) 
SXAZ=A (7) 
AXA=S 


As an illustration of how these rules are applied to the problem of a priori 
probabilities, let us review the case for hydrogen. Hund® has shown that the 
even numbered rotational states are S in the nuclei and the odd ones are A. 
There are (2j+1) different eigenfunctions which belong to each €; rotational 
level. For each successive value of j, there are therefore, beginning with zero, 
1S, 3A, 5S, 7A, etc. eigenfunctions. Since to obey the Pauli principle, the 
total eigenfunction (6) must be A, each S eigenfunction listed above may 
combine with only an A function of the nuclear spin (and not with a S one) 
while each A above must combine with a S nuclear spin function. If we 
represent? the two spin eigenfunctions (corresponding to the two orientations) 
by a and 8, we have the following possible combinations, 


QA\a9 
aiBe + a8, 
BB2 / 


and see that there are 3S and 1A ones. This means that the a priori proba- 
bilities of the successive rotational states of hydrogen are 1, 3X3, 1X5, 3X7, 
1X9, etc. and since there is very little coupling force to re-orient the nuclear 
spins in the molecule, a system of nuclear triplet molecules will act as a dis- 
tinct molecular species entirely independently of a system of nuclear singlet 
molecules. If the temperature is lowered greatly, the triplet molecules fall 
into their lowest rotational state (j=1) and the singlet molecules into their 
lowest (j =0) and only after a catalytic action which involves a dissociation 
of the molecules into atoms will the triplet kind change into the singlet va- 
riety!® until equilibrium is established. 

When we wish to extend these considerations to the case of three like 
atoms, we find eigenfunctions which are not completely symmetric or anti- 
symmetric, occurring along with those which are. Hund" has introduced the 


S ayB2 — a8; A (8) 


® Hund, Zeits. f. Physik 42, 93 (1927). 

® Pauli, Zeits. f. Physik 43, 6C1-623 (1927). 

10 We hold with Rodebush that there are only two varieties of hydrogen and that the 
definition of Giauque (J. Am. Chem. Soc. 52, 4812, 4822 (1930); Giauque and Johnston, ibid. 
50, 3221 (1928) which calls each molecule in a different energy level a different kind is an un- 
justified distortion of the word’s commonly accepted meaning. 

" Hund, Zeits. f. Physik 43, 788 (1927). 
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term “symmetry character” to designate these different kinds and has dis- 
cussed the rules of manipulating them. S(3) is an eigenfunction, S in the inter- 
change of two of any three particles; S(2+1) is Sin a certain pair but not for 
any other; and S(1+1+1) is Sin none. Hund has also shown that the latter 
character symmetric in no pair is completely antisymmetric A(3), that the 
first completely symmetric is antisymmetric in no pair A(1+1-+1) and that 
the second is reciprocal to itself, i.e., is likewise A(2+1). 

As an illustration, we take the three different eigenfunctions, a, b, and c 
as characterizing successively the three equal particles, 1, 2, and 3. 


S(3) = AybeC3 + aibsC2 + d2biC3 + debe, + agbice + aabeocy 
SQ+1) = ~ + - + + “ 
S(l1+1+1) = _ = + - 


The reader may easily verify the fact that the sign of S(3) remains unaltered 
on interchanging any two of the three particles, that of S(1+1+1) is changed, 
and that of $(2+1) remains unaltered if one interchanges particles 1 and 2, 
but a new function is obtained on interchanging 3 with one of the other two. 
Hund and others call the latter eigenfunction “degenerate.” Whether we 
should count this degeneracy in computing statistical weights may be seen 
by setting up the spin functions for three like nuclei, and comparing the 
results with those given by the vector model, which we know gives the correct 
multiplicity. Each nucleus has two orientation possibilities. Therefore, there 
are 2° permutations of the eigenfunctions as well as orientations of the com- 
ponent vectors. In the following tabulations it may thus be seen that the 
complete degeneracy must be counted, otherwise a dissociation of the mole- 
cule into separate hydrogen atoms would create new nuclear spin statistical 
weights, which is impossible. 


Three nuclei 
aaa S(3) 
aaB S(3) S(2 + 1) 
aB8 S(3) S(2 + 1) 
BBB S(3) 


degeneracy two fold 


(10) 


Four nuclei 
aanaa S(4) 
aaaB S(4) S(3 + 1) 
aaB8 S(4) S(3 +1) S(2 + 2) (11) 
aBpB S(4) S(3 + 1) 
BBBB S(4) 


degeneracy three two 
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The two doublet systems represented are roughly analogous to the different 
systems of same multiplicity and like Z so often encountered in a super- 
multiplet in electronic spectra. For four nuclei the total number of permuta- 
tions including degeneracies is 16, as is also the total number of independent 
orientations of the four nuclei. The symmetry characters with more than two 
terms in the argument are excluded because, as Hund has shown, these do not 
occur when the spin can take on not more than two values. The $(2+2) char- 
acters are missing from the a8 case since there is only one pair of different 
eigenfunctions. How this works out can be seen by writing equation (9) with 
b=a. The function for S(1+1+1) would come out identically zero. 

The results of Hund show me in a molecule like NH; the number of 
Yvines of the lowest state are one S(3) and one S(1+1+1). The number and 
kind of rotational eigenfunctions are given in Table I. 


TABLE I. Rotational eigenfunctions of ammonia. 


Tt =Q = 1, 2 eS 
jeven (247+1) = S(3) 2(2274+1) S(24+1) (247+1) = S(3) 
(47+1) SCl+1+1) 
jodd (47+) Sl+1+1) 22j+1)  S(24+1) (2j+1) = S(3) 


(27+1) S(1+1+41) 


where 7 =1 means (rt —1), 3 isa positive integer (can be zero). For each positive 
value of 7 there is a negative one, which we take account of by the factor 2 

Likewise, the results of Elert'? show that, in the ground vibrational state 
of methane, there is one S(4) and one S(1+1+1+1) function. In our discus- 
sion we shall discard the use of the “half system” proposed by Hund and used 
by Elert, and translate the latter’s results into terms of the “complete” sys- 
tem, at the same time keeping account of the two different vibrational sym- 
metry characters of the lowest vibrational state. This is less confusing in 
making the ultimate count of the different ways of getting a completely anti- 
symmetric eigenfunction. As to the rotational states, all three moments of 
inertia are equal and hence formula (5) applies, giving an a priori weight of 
(27+1)* to each j term, the fine structure being completely degenerate. Elert 
has demonstrated that the following distribution of these (27+ 1)* characters 
among the different j states holds, at least for the first few states, and believes 
the rule is general, although he could not prove it. 


TaBce II. Rotational eigenfunctions of methane. 





j S(4) S(3 +1) S(2+2) 
=0 (j 6+1)(2j +1) (37 Qj +1) (j i+) 
1 [(j—1)/6)(27+1) ((3)+3), '2)(27 +1) i) 2j+1 
2 (1/3)(j/2—1)(2j +1) (37/2)(2) +1) Gay 21) Ca10/+0 
3 [((G—3)/6+1](27+1) [(3)+3)/212)+4 ) 5) +1) 
4 (1/3)G/2+1)(2j+1) (37/2)(27+1) May +1) 
Pe) 


[(G—5)/6](27+1) (9+ 3)/ bases ac * dailintcliad 


 Elert, Zeits. f. Physik 51, 6-33 (1928). 
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In order to compute the a priori probabilities we now proceed as follows. 
From (11) we see there are five S(4) spin eigenfunctions, three times three 
S(3+1) and one times two S(2+2). We desire to count the total number of 
ways we can combine the functions (6) to get a completely antisymmetric 
function, S(1+1+1+1). In doing this we must keep in mind that, according 
to Hund and Elert only one-fourth of the products of two S(2+1) or two 
S(2+2) functions can be combined to a completely symmetric function and 
one-fourth to a completely antisymmetric one, while one-ninth of the com-— 
binations of two S(3+1) functions multiplied together can be resolved into 
a completely symmetric function.” Table III gives the results, keeping sepa- 
rate those arising from each nuclear spin state, as these form different non- 
combining varieties of methane, just as they form the two non-combining 
varieties of hydrogen. 


TABLE III. Rotational weights of different varieties of methane. 














21- 


S(4) S(3+1) S(2+2) 
j Quintet Triplet Singlet 
0 5x1 0 0 
1 0 3-3 0 
2 0 5-3 5-2 
3 7 7-6 0 
+ 9 9-6 9-2 
5 0 11-9 11-2 
6 13-2 13-9 13-2 
7 15 15-12 15-2 
8 17 17-12 17-4 
9 19-2 19-15 19-2 
10 2 21-15 21-4 








CALCULATIONS 


Before making use of Eqs. (1) to (4), we shall introduce the substitution 


o = h?/8n*IkT (12) 
= 0.716A/T (13) 

where 
A = 2B = 2h/8r*cI cm (14) 


is the spacing in wave numbers of the lines in the normal band spectrum. 
Unfortunately, in the case of methane, we are entangled with an am- 
biguity in interpretation of the experimental data. Cooley" found three differ- 
ent spacings, 5.41 (7.74 band), 9.77 (3.314) and 15.3 cm! (3.5u band), of 
which 9.77 most likely represents the moment of inertia of the molecule 
(5.66 X 10-49 gm. cm?). This is near the value obtained from Raman spectra," 
5.17 X10-*° corresponding to an absorption-emission line spacing of A=2 


3 Cf. Ludloff, Zeits. f. Physik 57, 227-241 (1929). 
4 Cooley, Astrophys. J. 62, 73-83 (1925). 

4% Dickinson, Dillon and Rasetti, Phys. Rev. 34, 582 (1929). 
6 Mecke, Zeits. f. phys. Chem. B7, 108-129 (1930). 
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5.363 cm~'!, and since this value was capable of the more accurate measure- 
ment we shall take it to translate o into temperature. 


o = 0.716 X 10.726) 7. 


Further support for the correctness of this moment of inertia as against 
that calculated from the other spacings 10.2 and 3.61 K 10~*®, lies in Mecke’s'® 
comparison of the CH, NH and OH nuclear distances in the free radicals 
with the corresponding distances in the saturated hydrides. The use of 
J =10.2X10~*" would give a CH distance out of line with the trend in the 
other molecules of the series. 

Abbreviating the summation of the statistical weights by 


Q= yoni, ny = > pie sainiada (15) 


and changing the variable from 7 tog in (3) we get 
C;/R = (02/0) |0.d°0;/do? — (dQ;/do)?] (16) 
= o°d* InQ/ do? (16a) 


where / refers respectively to the nuclear quintet, triplet and singlet forms. 
The values of Q; are to be obtained from (15) and Table III and are, up to the 
1000 power in the exponent: 


01/5 = 1 + Je~'* + 9e-**" + 26e°-** + 15e°%” 
+ 17e7*** + 38e-9” 
Oy = De + 15e-8 4 42e-12" 4 54e-2% 
+ 99¢-3% + 117e74" + 180e75% + 204e-*7 (18) 
+ 285e°°” 
10; = 10e—© + 18e-2% + 22¢e-3” + 26e-*% 
+ 30e— + 68e—'* + 38-9”. 


(17) 


(19) 


The coefficients of the terms in the above expressions as well as of those 
for the various derivatives are arranged in Table IV, at the bottom of which 
are given the calculated values of corresponding sums for four different values 
of o, chosen to represent temperatures ranging from below the boiling point of 
liquid hydrogen to those of liquid air and above. In Table V are given the 
corresponding rotational specific heats obtained by applying Eq. (16). An 
idea of the rapidity of convergence of the different series for the least value of 
o (0.0430) and the consequent accuracy of the summations may be gained 
from Table VI in which are given the ratio of the next to last to the last term 
taken and the percent of the whole sum (up to and including the last term) 
which the last term constitutes. From this we see that the series for Q, is still 
diverging where we stopped off, (although it converges later on) and that for 
Q2 is just beginning to converge. At the other temperatures the series are on 
the whole satisfactorily convergent. The values in parentheses are those for 
o = 0.0861. 
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TaBLe IV. Summation coefficients. 
0 —dQ;/de Osd*Qg/da® — (dQ; /do)? 
i=1 2 3 1 2 3 1 2 3 
+5 +3 | 2s 
m 
0 1 
2 9 18 
6 15 10 90 60 
8 2160 
12 7 42 84 504 1008 
14 37800 
18 22680 
20 9 54 18 180 1080 360 3600 
22 157464 
26 158760 35280 
30 09 22 2970 660 
32 4032 843696 
36 855360 126720 
42 26 117 26 1092 4914 1092 45864 1347192 
44 1684800 
48 2274480 336960 
50 534600 39600 
$4 163800 4422600 
56 15 180 30 840 10080 1680 47040 
58 4723920 
62 113256 9807912 976312 
68 203280 14636160 
72 17 204 68 1224 14688 4896 88128 1667952 82368 
74 8996400 
76 174960 12597126 699840 
78 13329360 2962080 
84 428400 30844800 
86 12046320 446160 
90 38 285 38 3420 §©25650 = 3420 307800 
92 413712 49650624 3309696 
96 30164400 2681280 
98 76440 4127760 152880 
Sum 
o=0.0430 | 16.168 145.614 32.239 72999 7543516 314364 
0861 5.970 53.733 11.940 6282.1 540870. 27062 
. 1937 1.880 16.369 3.576 201.92 10711 388.24 
3873 | 1.071 6.043 0.987 11.241 328.33 1.6087 
| Sum = Sage”? where a is value given in upper part of table. 
i 
TABLE V. Rotational heat capacities of separate forms of methane. 
| °/Q: | Gi) 
T ¢ |} ——————______—~ $$} $$ $$ 
| | Quintet Triplet Singlet 
t=1 2 3 1 2 3 
178°K 0.00430 | 2.834107? 8.737K10-> 1.782107* | 0.5173 0.659 0.5603 
89 0861 8.316107 2.566107 5.19610 | 1.3059 1.3881 1.4067 
40 .1937. | 4.244107* =1.400X10-* 2.934x107% | 2.1433 1.4999 1.1380 
19.8 .3873 5.232105 4.107K10-% 1.540107 1.4701 1.3485 0.2477 
TABLE VI. Convergence data for series. 
next to last 
Ratio —--—— term Percent of whole which 
last last term constitutes 
o =0.043 (0.0861) 0.043 (0.0861) 
0; 0.98 (2.1) 5 (0.3) 
Q:d°Q,/do* — (dQ; /de)? 7 (9.1) 1.5 (0.3) 
Qz 1.5 (4.7) 4 (0.2) 
Q2d?Q2 ‘da* — (dQ ‘do)? 8. (8.7) 0.8 (0.2) 
Qs 4 (8.4) 2.5 (0.1) 
Q;d°Q;/da? — (dQ3/do)? 20 (21) 0.6 (0.1) 
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In order to draw curves for the heat capacities we wish to know their 
asymptotic behavior at very low and very high temperatures. In the former 
case ¢ becomes large and the first terms in the series, the coefficients of which 
are given in Table IV, are the only important ones. Using solely these, the 
heat capacities were calculated for ¢ =0.5 and 1.0 (7 =15.4 and 7.7°K respec- 
tively) and the corresponding points were used in plotting the curves. 

The extrapolation of the curves in the other direction is more difficult. 
At high temperatures, ¢ becomes small and the series may be replaced by 
integrals 


V= i) p(2j + Me FO Deod7 (20) 

0 
where (2j+1) is the number of rotational eigenfunctions of methane given 
in Table II. Since p is expressed analytically only for every sixth value of j 


and isa different function depending on whether one starts with 0, 1, 2, 3, 4 or 
5 we must split the above integral into six. 


o= foot fort fort: fos. (21) 


Changing variables in each case, we get for the S(4) functions 


po= U+6)/6=q+1 j = 6q 

bi=(G- 1)/6= 9 j= 69+ 1 

bo = G — 2)/6 = ¢ j = 6q+2 (22) 
ps =G+3)/6=q+1 j=6¢+3 
bo=G42)/6=qt1 j=6g+4 

bs = G—5)/6= 9 j= 69 +5 


and leaving all five intervening terms in the integral, for the other five in- 
tegrals, dj—dq (not— 6 dq) we have 


f (po) ™ f (e + 1) (12g a 1)e~8a6atbeodg 
0 0 
f (p1) - f g(12g + 3)e~ (Bat) (6at2)0qg 
1 0 
f (p2) = f g(12gq + 5S)e6at2) 6atseGg 
” - (23) 
f (ps) = f (q + 1)(12g + 7)eW(Sat8) (atsegg 
3 0 


J (ps) = J (¢ + 1)(12q + Oem (Sats) (Gatsdogg 
4 0 


f (ps) =f g(12q + 11)e~(et8) 6etHeqg, 
5 0 
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It may be shown that 
f (q + a) [2(6g aa b) a 1 Je (62+) (6atb+Dedg 
9 


a (Za71) { aebot De 4 et! 4qpll2g-112/42 
— (€*/4/6) [b + 3 — (6 + 3)80/3 + (b + $)'o?/10 — (6 + $)703/42 - - - |}. (24) 
Inserting the appropriate values of a and b from (23) and repeating the 
calculation in a similar fashion for the S(3+1) and S(2+2) functions we get 
50, = 5(m!!2g-8/2/12) {1 + 6/4 — 30n-1/293/2 4 92/32 + 302. 4a-1/2g5/2 - - -} (25) 
9D. = (Or'!2g-3/2/12) {1 + 6/4 — 742-1293? 4 92/32 + 840. 42-1/295/2 . - -} (26) 
103 = (2n'!29-3/2/12) {1 +0 /4 — 78a-!/293!2 4 92/32 + 1094.4a-1295/2 - - . |. (27) 


to 


Whence we obtain by differentiation of In Q, remembering that ¢ is small 


§C,/R = 1.5 — 12.709/2 + 655. 80°!2 (28) 
Co/R = 1.5 — 31.3032 4+ 181705/2 (29) 
1C;/R = 1.5 — 33.010%/2 + 235705/2. (30) 


From these expansions the heat capacities of each form was calculated for 
o=0.01(T = 768°K). 

It is possible now to estimate the relative amounts of each form at high 
temperature from equations 25-7. They are 
Nuclear quintet 5(2!/20~3/2/12)/(5a"/20~3/2/12 + 94 !29-3/2/12 4+ 27'/2g3/2/1 2) 


SF = 5/(5+ 9+ 2) = 31.2 percent (31) 


Nuclear triplet *F =9/(5+9+2) =56.2 percent 
Nuclear singlet 'F =2/(5+9-+2) =12.5 percent. 

This relative proportion should remain unaltered if we cool ordinary 
methane gas down to extremely low temperatures, but should change over 
into the equilibrium proportion obtaining at that temperature on exposure 
of the methane to suitable catalysts (“dissociation catalysts”). The latter 


proportion 
F; = Qi/(Q: + Q2 + Qs) (32) 


is to be determined by substituting the appropriate values already calculated. 
The results are all summarized in Table VII which gives the relative equi- 


TABLE VII. Heat capacities of frozen and true equilibrium mixtures of methane. 








C./R  C/R 





T o SF, 3F, IF; 5C,/R 3C./R 1C;/R_— frozen = equil. 
7.7°K 1 80.1 19.5 3 0.006 0.488 0.0003 0.28 0.10 
15.4 0.5 56.8 37 .6 7 .626 .902 .0804 | .70 

‘ 0 1.47 1.349 .248 1.25 1.31 
om 2.143 1.500 1.138 1.65 1.66 
5 1.306 1.388 1.407 1.36 1.36 
5 
5 


0.517 0.659 0.560 0.60 0.60 
1.493 1.487 1.491 1.49 1.49 
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librium proportions of the different symmetry forms, their separate heat 
capacities, the average heat capacity of the mixture in frozen equilibrium and 
that of the mixture in true equilibrium. Figs. 1 , 2 and 3 portray the same data 
graphically. The average heat capacity is calculated from the formula 


C = FSC, + 3F.°C. + F;'C, (33) 
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Fig. 1. Rotational heat capacities of methane. 
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Fig. 2. Equilibrium amounts of different symmetry forms of methane. 
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CONCLUSIONS 
A study of Table VII and Fig. 3 shows that according to our calculations, 
there should be two regions propitious for detecting a change in specific heat 
after catalytic treatment, were it not for vapor pressure limitations. The more 
practical would be that at the temperature of boiling hydrogen where the 
specific heat should increase some five or six percent. The other region should 
be at the much lower temperature of ~8°K where the heat capacity should 
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Fig. 3. Average rotational heat capacity of methane. 


decrease some 64 percent. The inaccuracies involved in the cessation of our 
sums at a possibly too early point (Table V1) affect only the values obtained 
at 178°K, where the frozen equilibrium proportions are practically identical 
with those at true equilibrium. From the standpoint of these calculations it 
seems that experimental difficulties of working with methane vapor at such 
low temperatures would be almost insurmountable in view of the fact that it 
cannot be held in the gaseous state in concentrations greater than those cor- 
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responding to its vapor pressure, which indeed must be less than 0.1 mm even 
at 40°K. Whether the same distribution would hold among the different va- 
rieties in the solid crystal as we have calculated for the gas, we are not pre- 
pared to state. A catalytic change in the solid state might perhaps be detected 
by raising the temperature to a test temperature accurately controlled and 
observing any alteration in the heat capacity of the vapor. Such changes 
should however be exceedingly minute. These considerations lead one to be- 
come exceedingly pessimistic concerning any method of demonstrating the 
different varieties by means of the specific heats of the vapor. 
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THE ACOUSTIC RESONATOR INTERFEROMETER: I. THE ACOUS- 
TIC SYSTEM AND ITS EQUIVALENT ELECTRIC NETWORK 


By J. C. HUBBARD 
Tue Jouns Hopkins UNIVERSITY 


(Received July 27, 1931) 
ABSTRACT 


The steady state of motion of a fluid between two infinite plane parallel bounda- 
ries is found for the case in which one of the boundaries is given a prescribed periodic 
motion normal to its surface, the other boundary being infinitely rigid or being 
assigned a coefficient of reflection. The excess pressure at any point in the fluid is 
found, being of particular interest at the boundary of the source where it has a term 
in phase with the velocity of the source and one in phase with its displacement. These 
terms pass through cyclical values as the distance between the source and reflector is 
increased, the first passing through sharp maxima, the second changing rapidly from 
negative to positive values at reflector distances of an integral number of half wave- 
lengths in the fluid. Application is made to the case where the source is the surface of 
a piezoelectric plate maintained in forced vibration. The equivalent electric network 
of the plate and coupled fluid column is found to be the same as that for the plate 
alone, with modified resistance and capacity coefficients, making possible considera- 
tion of the theory of the acoustic resonator interferometer in conjunction with driving 
and measuring circuits. 


I. INTRODUCTION 


HE present paper considers the theory of an electro-mechanical system 
composed of a vibrator such as a piezoelectric plate which is electrically 
driven by an independent source and to which is coupled a column of fluid 
set into longitudinal vibration by the plate. This study was undertaken with 
reference to its application in acoustic interferometry, particularly the meas- 
urement of the velocity of high frequency compressional waves in gases and 
liquids, and their coefficients of absorption and reflection. Mr. A. L. Loomis 
and the writer! in collaboration have applied the piezoelectric resonator to 
the systematic study of the velocity of high frequency compressional waves 
in liquids, and the methods have been extended by the writer’ to the study of 
gases. In these experiments a piezoelectric plate is maintained in forced vi- 
bration by an independent vacuum tube oscillator, while one of the vibrating 
faces of the plate produces plane compressional waves in the medium in con- 
tact with it. Ifa reflecting plate be set opposite and parallel to the vibrating 
face of the crystal) multiple reflection takes place and as the reflecting plate 
is made to approach or recede from the vibrator cyclical changes of phase 
and amplitude of the forced vibrations occur, the reflector passing through 
successive positions of resonance in the fluid medium. These changes of phase 
1 J.C. Hubbard and A. L. Loomis, Nature 120, 189 (1927); Phil. Mag. 5, 1178-1190 (1928); 

A. L. Loomis and J. C. Hubbard, J.O.S.A., and R.S.I. 17, 295-307 (1928). See also E. B. Freyer 


with J. C. Hubbard and D. H. Andrews, J. Am. Chem. Soc. 51, 759-770 (1929). 
2 J. C. Hubbard, Phys. Rev. 35, 1442 (1930); 36, 1668-1669 (1930). 
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and amplitude of the vibrator give rise to effects which can be measured elec- 
trically and the object of this study is to arrive at expressions for these ef- 
fects in terms of mechanical and electrical constants of the system. 

The theory of the piezoelectric resonator and methods for its study were 
first treated in the comprehensive paper of W. G. Cady* and further exten- 
sive analysis has been presented by D. W. Dye.‘ Part I of the present paper 
consists in a development of the theory of the vibrations of a fluid column 
and an extension of the methods of Cady and Dye so as to include the reac- 
tion of the fluid medium upon the resonator. 

G. W. Pierce’ was the first to develop methods of high frequency acoustic 
interferometry. He and his collaborators have made use of piezoelectric and 
magnetostriction oscillators in which the vibrating element serves not only 
as generator and indicator of acoustic vibrations in a gas, but also maintains 
electric oscillations in a vacuum tube circuit. The theory of the reaction of 
the acoustic system upon the circuit developed in the present paper is also 








Fig. 1. 


applicable in this case, but the problem is complicated by the necessity of con- 
sidering the characteristics of the vacuum tube and its circuit and calls for 
separate treatment. 


2. Tue ForRCED VIBRATIONS OF A FLUID COLUMN 


Let the space between two infinite, parallel, plane surfaces at normal 
variable distance r be filled with an elastic fluid of density p and isothermal 
compressibility 8. Let the boundary surface S, Fig. 1, be given a normal vi- 
bratory motion of infinitely small amplitude by an external agent such that 
when a steady state of motion is reached throughout the system the motion 
of S is given by 


£ p0 = Eqe'~! (1) 
and the motion of R is given by 
é, = E, peitotts) | (2) 


3 W. G. Cady, Proc. I. R. E. 10, 83-114 (1922). 
* D. W. Dye, Proc. Phys. Soc. Lond. 38, 399-458 (1926). 
5G. W. Pierce, Proc. Am. Acad. 60, 269-302 (1925). 
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If R is infinitely rigid, £,,9=0 and the surface R is a perfect reflector. Such is 
the case to a very high degree of precision when the fluid is a gas at ordinary 
pressures and the reflector is of metal. In the more general case the surface R 
will transmit motion from the fluid and the reflection coefficient will be less 
than unity. 

It is assumed that the particles of fluid in contact with both Sand R have 
the same motion as those surfaces. Particle velocity in the fluid is propagated 
with the velocity v= (K/p)'?, K being the ratio of specific heats. We shall 
assume that the velocity is propagated in the fluid with an attenuation a due 
to absorption, such that 

d§/—é = — adx (3) 
or 


é _ & ,-0€ oF =» Eve areiot (4) 


If we define the coefficient of absorption uw by J = J ye“, then,® since J=3 
(OP max)*p?, Where d6Pyax is the maximum pressure due to particle velocity, and 
is 6Pimax =vpkye °7, we have w= 2a. 

At any point x between R and S when the steady state has been reached 
we shall have at a given time / a total disturbance made up of a term due to 
particle velocity propagated directly from S, that once reflected from R, 
that once reflected from R and once from S, that twice reflected from R and 
once from S, and so on, and in addition a similar series of terms due to the 
motion, if any, of R. It comes to the same thing if we assume that at each 
reflection from R the particle velocity term is multiplied by a coefficient y, 
the two modes of calculation yielding equations from which the phase and 
amplitude of the motion of R may be evaluated in terms of the reflection 
coefficient, or vice versa. The value of the particle velocity at x is thus 


§, Ege'*"} (e latcw/eds + ve (atia/e) (2rtz) + aides ) 


— (ye (at+iw/v)(2r—r7) aa ye (atiw/v)(4r—2) + = ee )} 


Ege’! > (y"e (at+iw/v)(2mr4z) — ymtle (atiw/v)[2( m+ l)r rl), 


The total forward particle velocity at x is 
E(+) = beeisterletinlne/(1 — yertetiniorte) (5) 
and the total backward particle velocity at x is 
E.(—) = — Epetetye @tiole)(2r—2) /(1 — yer (atiole2r) | (6) 


Boundary conditions: When x =0, the total particle velocity is £,.9 = & e*, 
which satisfies Eq. (1), and when x=r 


-_ _ Eye*"(1 on ye (a+ twlede (1 — (at iw! e)2r/) = E,e'(wtts) (7) 


from which the coefficients —, and 6 may be evaluated in terms of £, a, y and r. 


Thus 


‘1. B. Crandall, Vibrating Systems and Sound, p. 92. 
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f bint Eo(1 — ye toler /(1 — ye-Cativinar) = g eis 
rom which 





; ‘ w -} 
_— veer) I — 2ye-%" cos 2—7 + yrersers (8) 
v 
and 
Ww 
tané6 = (tan — rua + yee") /(1 — veo"), (9. 
v 


If y=1, & =0, (gas with rigid reflector). If r=n\/2, wr/v=n7 and tan 6=0. 
In resonance positions the phase of the motion of the reflector is the same as 
that for the vibrator in the even numbered nodal positions, and differs by 7 
in the odd numbered nodal positions. 

The excess pressure 6), hereafter referred to as p, in the medium at the 
point x is given by’ +zpé, the plus sign being used with the forward particle 
velocity and the minus sign with the backward particle velocity, thus: 


pz = wt(+) — up§.(—). (10) 
Whence 


pe = pvEP, + pwwit?, (11) 
in which, from Eqs. (5) and (6) 


[e-2@ — y8e-4r—2)@] cos(wx/v) + [em 2-24 — ye-@rt2) | cos (w/v) (2r — x) 








P, (12) 
1 — 2y%e-2"@ cos (2rw/v) + yte*72 

and 

0 [e244 y3e-(4r-2)4] sin (wa/v) + [e~ @r- 4 4 -ye- rt] sin (w/v) (2r— x) (13) 


1 — 2y2e-?"2 cos (2rw/v) + y*te—472 


The expressions (12) and (13) take various forms of interest depending 
upon the conditions to be imposed by experiment. For example if the fluid is 
a gas, we have at the surface of the source S, x =0, and taking y = 1, 


P,-9 = sinh 2ra/(cosh 2ra — cos (27rw/v)) (14) 
Q,-9 = sin (2rw/v)/(cosh 2ra — cos (2rw/v)) (15) 

giving as the excess pressure, p:o, at the surface of S 
Promo = wtP ro + vpwiD rno. (16) 


The first term on the right of Eq. (16) is in phase with the velocity of the 
vibrator and is responsible for the transmission of energy into the fluid. This 
term, as 7 is varied passes periodically through very sharp maxima, for values 
of 2rw/v=27n, or r=nd/2, that is, for positions of R, an integral number of 
half wave-lengths from S. The function (sinh 27a@)/(cosh 2ra—cos 2rw/v) is 
shown graphically in Figure Z for values of a and w chosen so as illustrate its 
general form. It will be seen that as a result of the damping as the path 
length is increased the maxima, given by 1/tanh 27a decrease approximately 


7 Crandall, reference 6, p. 93. 
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along a hyperbola and not logarithmically as seems to have been assumed by 
several workers with the interferometer. 








' 






































150 P 
4 
A=0.12cm (\ 
_ TIT 
100 | 50r/2..—SIA/2 
50 ‘ sian - —— —- 
| | 
| A J \ 
n2 2A/2 3nr/2 4A/2 


Fig. 2. P =(sinh 2ra)/(cosh 2ra—cos 2rw/v) as a function of r. 
a=0.1, \=0.12 cm, and 2rw/v=4ar/n. 


The second term on the right of Eq. (16) is in phase with the displace- 
ment and hence is proportional to the reaction of the fluid on the vibrator. 
The function (sin 27w/v)/(cosh 2ra—cos 2rw/v) is shown in Figure 3 as a func- 


tion of r. 
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Fig. 3. Q =(sin 2rw/v)/(cosh 27a—cos 2rw/v) as a function of r. 
a=0.1, \=0.12 cm, and 2rw/v =4ar/d, 
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If the reflector is itself a piezoelectric plate it may be used as a detector 
of excess pressure variations, and the expression for the latter at its boundary 
becomes of interest. In this case for a gas, y = 1 and x =r, and we have 


P pr = 2(cos wr/v)(sinh ra) /(cosh 2ra — cos 2rw/v) (17) 


Qror = 2(sin rw/v)(cosh 2ra)/(cosh 2ra — cos 2rw/v). (18) 


In the case of liquids, except certain solutions and suspensions, @ is so 
small that the decrement is difficult of observation. We may accordingly put 
a =(. In the case of liquids, however the reflector transmits a measurable part 
of the wave-motion out of the medium, particularly if the latter is of a density 
and compressibility of the same order of magnitude as for the substance of the 


12 
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Fig. 4. (a) P and (b) Q as functions of r. a=0 and y =0.9, the fluid being a liquid. 
reflector, R. Such a case is that where the liquid is mercury and the reflector 
is of steel, or if the liquid is water and the reflector glass. In this case 

Preo = [1 + ¥(1 — ¥) cos 2rw/v — y3]/(1 — 2y? cos 2rw/v + y*) (19) 
and 
Qr-o = [y(1 + y) sin 2rw/v]/(1 — 2y? cos 2rw/v + 4). (20) 


These functions are shown graphically as functions of 7 in Fig. 4, at a and b 
respectively. 


3. THE Acoustic SYSTEM AND ITS ELECTRICAL EQUIVALENT 


If, in the foregoing discussion we limit the planes S and R to the finite 
area A, then we may ignore the effects of diffraction provided that, compared 
with the linear dimensions of A, the length of the compressional wave in the 
fluid is small, and, second, that the path 7 is not large. Neither of these condi- 








ACOUSTIC RESONATOR INTERFEROMETER 1017 


tions can conveniently be met in working with audible sound, but are not 
difficult of fulfillment in ultrasonic interferometry. 

Let the vibrator S be a piezoelectric plate provided with electrodes and 
excited by an independent oscillator. Under these conditions the piezoelec- 
tric plate acts as a resonator, the theory of which has been worked out by 
W. G. Cady.’ We will now extend this theory to include the combined action 
of the resonator and the fluid column coupled to it. 

Let us assume that we have a plate of piezoelectric quartz with electrode 
faces perpendicular to an X or electric axis of the crystal. Following Cady’s 
notation, let /, b and e be respectively the length, breadth and thickness of 
the plate, and let them be parallel respectively to the Y, Z and X axes of the 
crystal. The equation of motion along the X axis in the neighborhood of res- 
onance is shown by Cady to be represented by 


ME+ N§+GE =F (21) 


where ./, V and G are respectively the equivalent mass, resistance, and stiff- 
ness of the plate for the mode of motion considered, and F is the equivalent 
mechanical force exerted by the electric field applied between the electrodes, 
This field has the value V/e, where V is the instantaneous potential differ- 
ence of the electrodes, and the mechanical stress in the crystal in the X direc- 
tion is Y =e, V/e, where €; is the piezoelectric constant of quartz for the X 
axis. The equivalent mechanical force is shown by Cady to be F=2beX = 
2enbV. Let V = Voe**', then, in the steady state 


é = Ege’ (ot) (22) 
where 
fo = 2 Vo/w[N? + (Mw — G/w)?]'? (23) 
and 
6 = [tan-! (Mw — G/w)|/N. (24) 


The leads going to the electrodes of the crystal carry the current 7 which is 
made up in part of the current 7; due to the capacity of the system as a con- 
denser and in part of the current 7 generated by the crystal itself as a result 
of the excess of its instantaneous strain due to its motion over that which 
would be the equilibrium value produced by V itself. The current @ will be in 
phase with V and 7% will have a phase depending upon the phase of the velo- 
city of extension of the crystal in the direction of its vibration and is shown 
by Cady to be i2=b1D, where D = (2E—Sylv/e)en/l, 2E being the total elonga- 
tion of the crystal, & for each face, and «, and 5, being respectively the piezo- 
electric constant and modulus of the crystal for the axis considered. The 
equilibrium elongation of the quartz for the potential V is 6,/V/e. Near res- 
onance the crystal reaches great amplitude of vibration and the static elonga- 
tion may be neglected, giving for the piezoelectric current generated by the 
crystal 7% = 2bené. Thus the total current to the electrodes is 


i = VK, + 2bené (25) 
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where K;, is the capacity of the crystal and its electrodes considered as a con- 
denser, and é is subject to Eq. (21). 

An examination of Eqs. (21) and (25) shows that the crystal and its elec- 
trodes behave as a pure capacity shunted by an effective capacity, induc- 
tance and resistance in series, for, substituting & =7./2be,; in equation (21) we 
have, since F=2enbV, and putting 4e°b? = 1/B, 


Ld?iz/dt? + Rdiz/dt + i2/K = dV /dt (26) 


where 
L = BM, R= BN, 1/K = BG. (27) 


Kk. S. Van Dyke’ has shown that the equivalent inductance, resistance, and 
capacity of the series branch of the equivalent electric network of the crystal 
have in fact these respective values for the mode of vibration here considered. 
The crystal and its electrodes may therefore be replaced by the network 
shown in Fig. 5. 











Fig. 5. Equivalent network of piezoelectric plate, and, with 
modified R and K, of plate coupled to fluid column. 


Let us now assume that the electrodes are of negligibly small mass, stiff- 
ness, and resistance, and that they are in contact with the surface of the cry- 
stal, and that furthermore one of the electrodes serves as the boundary of the 
fluid medium. Consideration will be given later to the slight modifications 
introduced by variation of these restrictions. In addition to the force F, we 
now have the reaction of the excess pressure on the face of the crystal given 
by Eq. (16), where P and Q have the respective values given by Eqs. (14) 
and (15) if the fluid is a gas, and by Eqs. (19) and (20) in most cases if the 
fluid is a liquid. The equation of motion of the crystal is now 


Mé+ NE+GE =F — Ap (28) 


where A is the area of the vibrating surface in contact with the fluid. The 
excess pressure p as has been seen has a term in phase with £ and one in phase 
with & We may accordingly write 


8K. S. Van Dyke, Proc. I. R, E. 16, 742-764 (1928); See also D. W. Dye, reference 4, 
p. 401. 
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ME+ N'E+GE=F (29) 
or 
Ld?iz/dt®? + R'dio/dt + i2/K’ = dV/dt (30) 
where we now have 
R’ = R+ ABpvP (31) 
and 
1/K’ = 1/K + ABpw0. (32) 


It is to be noted that the effective resistance R’ and capacity K’ of the 
acoustic system are constants involving the values of a, y, 7, and w. The 
acoustic system may thus be represented by the same network as the piezo- 
electric plate alone (Fig. 5), the resistance R and capacity K of that net- 
work being replaced by R’ and K’ defined respectively by Eqs. (31) and 
(32). It is often convenient, especially in the interferometry of gases, to work 
with a transverse face of a crystal instead of with one of the electrode surfaces. 
In this case the piezoelectric constant and modulus are different, leading to a 
different value for B in equations (31) and (32) but the form of those equa- 
tions is unchanged. 

In Part II of this paper the acoustic system will be considered in combina- 
tion with suitable driving and measuring circuits in accordance with the 
necessities of specific experimental objectives, such as the determination of 
compressional velocities in liquids and gases, and the absorption coefficients 
of gases. 
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ON THE STRAIN-ENERGY FUNCTION FOR 
ISOTROPIC BODIES 


By C. KarpLtan* 
CALIFORNIA INSTITUTE OF TECHNOLOGY, PASADENA 


(Received April 25, 1931) 


ABSTRACT 

The strain-energy function ¢ is assumed to be made up of a sum of homogeneous 
polynomials of the first, second, third, etc. degrees in the components of the strain 
tensor ¢g3. The expansion is carried only so far as to include the third degree group 
of terms and then this expression for ¢ is studied from the point of view of the isotropy 
of space. Isotropy of space having been defined by means of rectangular trihedrons 
(or orthogonal ennuples), the effect on the “structure-tensor” c®7°°? (which forms 
with ¢g3 the third degree terms) of the assumption of isotropy is obtained. It is found 
that the third degree group introduces, for a completely isotropic state, only two 
coefficients of elasticity, which when taken together with the corresponding Lame's 
coefficients \, « of the second degree group gives only four elastic moduli in the com- 
plete expression for ¢. The expression for ¢ thus developed is introduced into a set of 
equations obtained by F. D. Murnaghan connecting the stress and strain components 
by means of ¢; and so we obtain relations between stress and strain which are ap- 
plicable to deformations of higher order than those allowed by Hooke'’s law. These 
latter relations are then applied to the case of normal and uniform compression and 
these further applied to P. W. Bridgman's experiments on the change of volume of 
sodium under pressure at 30°C. In this application the four elastic moduli are reduced 
to two, 


INTRODUCTION 


F THE condition of a body from which the energy of deformation @ is 

reckoned be that of equilibrium under an arbitrary initial stress, then 
developing this function of the six strain components by Taylor’s theorem, 
we have that! 


= do + cBe.3 + (ieee PPP + C0978 0, 30 po ls8 + er (1) 


where ¢» is an arbitrary constant of no interest as far as the deformations are 
concerned and the terms following ¢» are respectively homogeneous functions 
of the first, second and third degrees in the components of the strain tensor 
Cas (€ag = Cg and a, B=1, 2, 3). 

Hence, 0¢/0e,3 will be a linear function of the strain components together 
with functions of higher degrees obtained from the third degree, etc. terms. 
For isotropic bodies the second degree group c%*°’e,3¢p, takes the simple form 


2¢2 —_ (A + 2u)I? = 4uls (2) 


where \ and yw are two independent coefficients of elasticity characteristic 
of the body under consideration; also 1; =e,;+e,,+e-: and I= (ey,e:2:—@,:") 


* National Research Fellow in Physics. 


1 The repeated Greek labels denote summation, each “dummy” label taking all values 
a, 2, 2. 
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He. brr—Cr) +(€ryy—ery) are the first two fundamental invariants of 
elasticity theory, the third degree invariant J; =@,:€yy€zz t+ 2 ysr€ ry — (Crs ys” 
+e, e:°+¢:e:,) not appearing in the theory unless the third degree group of 
Eq. (1) is taken into consideration. If we further suppose that the initial 
stress is a uniform hydrostatic pressure Po, then Eq. (1) becomes (excluding 
terms beyond the second degree) for isotropic bodies 
A+ 2u 

@ = bo — Poli + —L— I? — Jul (3) 
and we obtain Hooke’s law of the linear dependence of stress on strain when 
the latter is small, from the relations 








Oo 1 d¢ 
ie = + & 9 Fe = — 5+ + 
Oerz 2 Ol ye 
so that 
; = Po + VJ, + Que rz; F 
; (4) 
V, = Qyeye3*-:. 


We shall, in what follows, develop expressions corresponding to Eqs. (3) and 
(4) for the case where we include the group of terms of the third degree in the 
expression for ¢, the strain-energy.* For this purpose we introduce an analysis 
which in reality is the analytical equivalent of the definition of isotropy; that 
is, the independence of the structure of a substance of the direction in which 
it is measured. 


ANALYSIS OF IsoTROPY® 


Since the following analysis will not be limited necessarily to a rectangular 
Cartesian system, we suppose that our space is a Riemannian one of three 
dimensions. By hypothesis, the energy of deformation ¢(e,s) is an invariant 
with regard to changes in the coordinate system used and since the éas’s are 
the components of a covariant symmetrical tensor of rank two, the coefficients 
ce8veee of the third degree group of Eq. (1) are the components of a contra- 
variant tensor of rank six which we shall call the “structure tensor.” This 
tensor c*9”*7 has in general 3° = 729 components, but because the third degree 
terms form a homogeneous group and because the strain tensor éag is sym- 
metrical in character, only 56 of these components appear in the expression 
(1). The additional hypothesis that the body is completely isotropic generates 
many relations between these 56 coefficients so that the number of independ- 
ent ones is greatly reduced. 

It is in order to find these latter interrelations that we introduce the fol- 
lowing analysis. To each point of our space we attach a trihedron, each edge 


* W. Voigt, Ann. d. Phys. und Chemie, Dritte Folge 2 (52) 536 (1894). 

8’ The Absolute Diff. Calc.; Levi-Civita; Ch, sec. 2 (we use Einstein's notation hq’ in- 
stead of the corresponding \,/q of Levi-Civita’s); C. Kaplan and F. D. Murnaghan; Phys. Rev. 
35, 763 (1930). 
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of which is presented in the underlying coordinate system (x) by a contravari- 
ant tensor of rank one /i?, the Greek label a denoting tensor character and the 
Latin letter ry the particular edge of the trihedron. Since our space is a Rie- 
mannian one it possesses a metric denoted by 





ds* = gasdx*dx°, 


Hence, corresponding to the contravariant components /% are the covariant 
components h,* of the rth edge, with the relations 


hh? = ¢° (= 1lifr = sand Oif r # s) 
i” , (5) 
h,“hs’ = 63* (= 1 if a = B and O if a ¥ B) 
defining the orthogonality of the trihedron at P and also informing us that the 
tensor /i is a unit one. 
By means of the covariant components /,.’(=g.a3h,*) the contravariant 
tensor c*®7¢* may be defined by its 3° projections along the edges of the tri- 
hedron at P. Thus by definition, these projections are given by the equations 


cPparsmn = coe 5pa he Phys th, The*h, m he n 
or 


(6) 


= Casysoaht ph Ph he hmPh,? 


Cparsmn 


where ¢??°"" =Cyorsmn and so for the invariants of the structure-tensor the 
upper and lower labelling has no meaning except for purposes of notation. 

Suppose now that at P we attach a second trihedron whose edges are 
presented by the covariant or contravariant components *h,” or *h,* respec- 
tively, and furthermore let us suppose that the contravariant components 
of the two tensors and */ are connected by the linear relations 


he = 5,*h, (7) 


summing over the s’s with r, s, aw=1, 2, 3. Then, since the */ trihedron is 
supposed to be orthogonal, the scalar coefficients s,* are the elements of an 
orthogonal matrix. Indeed if the covariant presentions of the two tensors */ 
and ht are connected by the relations 


*ho? = s,/"ho* (8) 


then multiplying Eqs. (7) and (8) together and summing over the a’s we have 
that 


*he*h,' = s,°s,""h*ha* 


s 






» te Coe P 
$,°Sq "€y* 


e,’ from (5) 






and so 
S.?Sy'" = €,". (9) 





Therefore the product of the s and s’ matrices yields the unit matrix. We say 
that the *% configuration is obtained from the k one by a rotation if the 
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determinant of the matrix s is +1 and by a reflexion if this determinant is — 1. 
The relations between the invariants of the structure-tensor relative to 
the two trihedrons */ and h are readily obained; thus 


“Comets = Capytpe Ah p**h gP*h,7 “49 *hf*h,? 
and 


Cparsmn = CaByb pe ae h Ph, heh mP ht,” 


and using the relations (7) between the contravariant components of *h and 
h, we find that 


* _ . > » Cc de 7 
Cpqrsmn = Cotodef8g*fe"Se"Se' Satu! (10) 


where we sum over the repeated Latin letters, each of which takes all the 
values 1, 2, 3. 

We now define isotropy by saying that a medium is completely isotropic 
in structure in the neighborhood of a point P, if corresponding components 
of the invariants *c and c of the structure-tensor relative to the */ and h tri- 
hedrons are equal; that is 


en = Cpaqrsmn- (11) 


These relations, taken together with those of (10) yield the fundamental 
equations defining isotropy. Thus 


Cparsmn = Ca sedefty*SeS.°Se “32° J . ( l 2) 


ISOTROPY WITH REGARD TO SIMPLE ROTATIONS 


We first consider the effect on the invariants Cyorsm, of a rotation of the *h 
configuration through a right-angle in the 42,—h; plane, */, and /, coinciding. 
In order to fix our ideas we suppose that the *# and h systems are right- 
handed ones and that all rotations take place in a counterclockwise way. The 
rotation just suggested may then be defined by the following table 

hy he hs 
*hy 1 0 1) 
*he| O O 1 
*hs 0 —1 0 





9 


so that s,! =s23 =1; s;?= —1, the other being zero. 

When we substitute these values of the s’s in equations (12) we find that 
many of the invariants are zero and that many of them are related. Thus, if 
p=2,q=3,r=1,s=1, m=3 and n=1, the only term of the sextuple summa- 
tion of Eq. (12) different from zero is that one for which a=3, b=2, c=1, 
d=1, e=2 and f=1, so that 


€231131 = C3z2r121- 
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Similarly we find that ¢s2:121 = —¢es13: and hence for the two relations to be 
compatible it is necessary that 


Cosiis1 = Caz = O. 


In what follows we shall not make use of the symmetry relations between the 
INVATIANS Cyorsmn Allowed by the fact that in the energy function ¢ the tensor 
co is summed with the symmetrical strain tensor e,3, but consider the 
tensor (and hence its invariants) to be a perfectly general one. Also because 
the invariants are cumbersome to handle in their present form we introduce a 
notation defined by the following matrix forms: 


11 12 13 aehe g’ 
21 22 23 J=[ h’ 6b f 
31 32 33 g i c 


Thus instead of writing ¢C2:3233, say, We write simply h’f’c and so on. When we 
examine each of the 3° invariants with regard to the rotation above, we find 
that 364 are zero whilst of the remaining 365 only 182 are independent. 

If in addition to symmetry of structure with regard to a right-angle rota- 
tion in the /»—/h; plane, we demand symmetry of structure for a similar rota- 
tion in the h3;—/, plane, say, we find the conditions on the invariants by 
simple permutation of the results of the former rotation. Thus the relation 
gag=h'ah' due to the rotation in the /2—h; plane becomes gag = g'cg’ in the 
hs —h, plane; the combined effect of the two rotations leading to the relations 


gag = hah’ = g'cg’ = fef = hbh = f'bf’. 

Proceeding in this way we find that of the 729 invariants, 546 are zero and 
of the remaining 183 only 31 are independent. Furthermore, we need no 
longer distinguish between f, f’:g, g’:h, h’, the reason for doing so in the pre- 
ceding analysis being one of convenience only. This latter simplification 
reduces the number of independent invariants to twelve. The following table 
presents the surviving invariants for combined rotations through right- 
angles in the hy—/hs and /i;—/, planes; and also from its symmetry we see 
that no new conditions are imposed on the 12 independent invariants by 
including a 90°-rotation in the remaining /, —/ plane. 

We consider now a rotation of the */ trihedron through an angle 0( 490°) 
in, say, the hy—h; plane. This rotation is conveniently presented by the 
following table: 


hy hy hy 
nr | 1 0 O 
* Io 0 cos@ siné@ 
*hs Q —sin@ cosé 
so that s;!=1; sy? =s3° =cos 8; s2° =sin 8; s3>= —sin 6, the other s’s being zero. 


On substitution of thes values in the fundamental Eqs. (12), taking into 
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. . . . Y Sirs tS! ' 
consideration the results embodied in sisisis!i | | 
Table I, we obtain the following relations: | ew} | | je] | 
—_ a 
I] > | | | ;= | 
4b/f = aaa — aah — bab + baa ion aj-aeenl ine 
i] = | | | | | iS 
4/fb = aaa + aab — bab — baa (13) lot |). | Ts 
| os ;— 
| - | ~ ~ = 
4dgag = aaa — aab + bab — baa Sits tS] 
EEE leas | 
and || "Se | | 1S | | 
4 oft IeiSisiSioy | 
bua = bac + aff edt lel Bb 
a = | | ' | ! = 
bab = bac + 2fat (14) —— ———— 
sides ~ | | j is] 
aab = bac + 2ffa. mis; | | 4 rs 
a ’ & | | ~~ | 
Phis rotation therefore reduces the num- fond Be. 
‘ . . = | | | | 1S] 
ber of independent invariants from 12 to 6; i! of 
| oa | ' {= 
namely, aaa, aab, bab, baa, bac and gfh yt] | 7 
° nae . ar Ac 4 . - 4 | “Ss > i > ' = ! ! ' 
(which thus far has not been involved in Sloss 
° ‘ 3 | — 
these simple rotations). In order to find Het ot + (Sr 4 
further relations between the invariants, =} ; ; {St | 
we must consider the most general rotation "re FS 
mm ie | => | 
of the *h-frame relative to the /-frame; “? > om Te 
| - HS | | | | |= I] 
namely < |—— — . 
e ® ~ 1} ee | } | | } ~y ' 
hy Ite hs | ” = bens | 
; >} | | TSto bd 
*h, | s,' s,* $\* ~ | = —— a 
sisisits| | | 
*) Se! Sa° Se? S'S 18181 
To ° No No < | . | .: = | | 
*hs | sg! 83° 83 r= <= oT 7 
51813! 3) 
? = | | OL 
where 3 = 
; i? 1if '! " = = 
r ifjr=s i av 
>, ssi el( =h477 22) and A=|js\!| =+1. — ee 
t=1 > Se 
Heisisis] | 
Considering Eqs. (12) in conjunction . | 3 
: ISis!isi!s | § 
with Table | and Eqs. (13) and (14) we S181 3/181 . 2 
So | ~ ~ 
. . . . ete sae pw 
obtain the following pair of relations: (8/5/38 /_ 2 
= ' Se | vu 
: &| 5 
3bac + 2(faf + ffa + aff) + 24gfh = 0 Be | +; | 3s 
‘qc 2 BL ~~ 
aaa + 2bac + l6gfh = 0 = = 3 
~igiais | | oa 
, — . ‘ Fis s/s 2 
thus leaving only 4 distinct invariants, ea;s|;si gs) , - 
Sisisis o 
faf, aff, ffa and gfh. sTeTetar’ TT S 
a 3 8S ~j ~] ] = 
The relations between the dependent — +i i 
. . ° eis & |; Sis 
and independent invariants are: | | - || 
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3aaa = 4(faf + ffa + aff) 
3baa = 2(faf + ffa — aff) — 2Agfh 
3bab = 2(aff + ffa — 2faf) — 24gfh 
Saab = 2(faf + aff — 2ffa) — 24gfh 
3hac = — 2(faf + aff + ffa) — 24gfh 
bff = aff + 2gfh 
Sfb = ffa + 2gfh 
gag = faf + 2gfh. 


(10) 


We are now in a position to form the group of 3rd degree terms 3 = c**7*°” 
Ca3€ spo in the expression for ¢, the strain-energy function, for the case of a 
completely isotropic body. Thus, since ¢3 is invariant with regard to trans- 
formations of the coordinate system used, we may write 

?3; = C parsmn€ pglrs€ mny 


where 
Crq = Cashty%h? 


and using the results embodied in Table I in addition to Eqs. (16), we obtain 
the following expression for @3: 


3o3 = 2(faf + aff + ffa) (32,1. oe 7,3] - 24efh|T; i I,*| 
or, without any loss in generality, 


63 = 2faf[3I, J. — 1,3] + &gfh{Is — 1,3] (17) 


where 

T, = gage; Ty = gaagyse"e*; Ty = gasgragooererre™. 

For the case of a rectangular Cartesian coordinate system where 
ds? = dx? + dy* + dz? 


these invariants take the following simple form‘ 


I, = Cre + Cyy + Ces 

I, _ Cae + Cun" + Cos + 2(ey:" + Cos® + Czy’) { 

" , (18) 
I; = Sea + Cyy* + Cun® + Me sdes® + Sodus” + Cotes” + Cyyl ry” 


+ Crls2” + Czs€yz*) 
The relations between the invariants /,, J2, J; and the fundamental in- 
variants J;, Jo, 7; where 
Ty = Caz Cyy + Czz 
I, = (Cygles — Cys?) + (Cues — Cse°) + (Costyy = Czy’) 
Ty = Carlyylss + Beyer 2€ ry — (Caslys® + Cyyles® + Ces€ sy’) 


* Leon Brillouin, Ann de Physique (10) 3, 271 (1925). 
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are simply, 


2771,.=I,-—T7, (19) 
6/3 = 27; — 31,l.+ 1,3. 
Therefore ¢3 may be written in the form 
o3 = 4faf[I)3 — 32,12] + 24efh|Ts — Ty1s| 


and putting 4faf =a/3 and 24gth =8, we have 
Qa : 
o3 = se" — 31,l2) + BUs — Ile). (20) 


The complete expression for ¢ for isotropic bodies then becomes 


A+ 2u a 
“7 sae sats te — 31,I2) + BUs — Ti12) (21) 





@ = d — Poli + 


STRESS-STRAIN-RELATIONS 


It has been shown by Prof. F. D. Murnaghan that the simple assumption 
that the energy of deformation is a function of the six strain components 
€a3 only, leads to the conclusion that it is a function of the three strain invari- 
ants J,, Jz and J; so that the medium is necessarily elastically isotropic. A 
set of equations are obtained connecting the components of the stress and 
strain tensors without making the assumption that the strain is infinitesimal. 
These equations are the following: 


\,= Ess — (2éesE zs + CssEss + CayE ay) 
Vy = Eyy — (2eyyEyy + CryL cy + CyeEy:) 
Z; = Ex, — (2¢.2E 22 + Cyst ys + salen) 
Y, = tEys cea = + Csali sy + Caples) 
Zs = tE,; _ (2¢,:Ez2 + Caylys + € z2Es:) 
X= ike — Wek +eatiahodd 
where we put Ea =0¢/0éag for brevity. 
We note that the usual expressions for Hooke’s law are obtained by 
neglecting the second degree terms on the right-hand side of Eq. (22). 
We now insert in the equations above the expression of @ given by Eq. (21) 
and so obtain relations between the stress and strain components no longer 


linear, but involving terms of higher degrees. First we evaluate the coeffi- 
cients Eas =0¢/0eas3. Thus 


* F, D. Murnaghan; National Acad. of Sciences, Proc. 14, 890 (1928). 
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Eee = — PotrAli + were + (a + Pliers — aly — BU2? + 12) 
+ BlCyyece — ey:2) 

Eyy = — PotAli + Queyy, + (a + Bliey, — ale — BU? + T:) (23) 
+ Blez@rr — C22) 

Fz — Pot dL, 4+ Ques + (at B) lies: — ale — BCL? + 12) + Ble sre yy — Czy") 

Eye = 4pyey: + 2a + Bley: + WBler ery — C2rs€ 22) 

E., = 4ye:, + 2a + Byliesz + WW ryly: — Cyylzs) 

Ey = Ape cy + 2a + B)liesy H+ WBleysesrz — Cas zy)- 


We now evaluate Y ,. Thus, 
Ne = — Pot 2Poese + AM + Qwers + (a + B — AA — Ay)lie:: 

— (a+ 8 — 4y)/. — BI\* + 2(a + B)loes, — Jal;*e,, — Il; 

+ 2(a + B)I Te + (8 — ty) (eyyez: — Cy27) — 2(a + B)Ii(eyyer — Cus") 
with corresponding equations for }, and Z, obtained from this one by per- 
muting the labels in the order x, y, s. 

The addition of the normal stresses Y,, 1), and Z; leads us to a relatively 
simple expression; namely, 


Xot+ Ve tZ. = — 3Po + 2Pols + (3. + Ww)! + (a — WB — 40 — D)I’ 


(24) 


y= 





(25) 
= (Sa + 28 = Su)lo + O(a + B)IyT2 = Jal, — O3/.. 
Following are the expressions for the tangential stresses: 
yg at+p N+ Ju 
, = leg + 2Py + ( + , - Wl, + 2(a@ + Ble. — 2al,? |e,- 
— (4 + 2a + B)lCrsesy — Crrbys) 
; a a+p A+ lu . 
edith Salil dialin . = | I, + 2(a + B)l. — Jal," Czy 
r (26) 
— (dy + 2a + B)(Ceylys — Cys z) 
; 9 atBp A+ 5 
Ny =| 2u + 2Po+ 2 es _ — }J, + 2(a + B)l, — al," Ie,, 
L 2 





= (tu + 2a + B)(Cy2€22 ears Cz2€ ry). 


APPLICATION TO THE CASE OF NORMAL AND UNIFORM COMPRESSION 
Let us suppose that we have a medium in a state of equilibrium under a 
normal and uniform pressure P, the initial state being one of normal and 
uniform pressure Py. The displacement is given in general by the following 
values of u, v, w: 
v= —-ax+6; v= —ay+); w= —az+ bd 
which lead to the relations 


= 1,/3 


and 


3 
Il; = /\ y) 
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The sum of the normal stresses then becomes: 


— 3P = — 3Po + 2Poli + (3A + 2); + (a — 28 — 4u — 20 
3a +28—8u\ 16.3 
— —_—_—— JI? + —#h. 
3 9 
Also J; = —Av_v where Av =v) —2, vo being the volume at the initial pressure 
P, and v the volume at the variable pressure P. 
Finally we obtain the following equation connecting P and Av/v: 
3P P, Av ; 
ee (oo a o> eA (27) 
Av Av Av vo 
—1 3+ 2-— 
V9 Vo To 


where p = 3A+2u/3 and o=8/98. If the initial stress Py equals zero, then Eq. 
(27) becomes 


The energy of compression takes the simple form 


Av 1 Av\? 1 Av\* 
QoQ = Do $ Po ’ ; p = os 7 0 . (29) 
Vo é Vo ) Va 


In order to illustrate the use of Eq. (27) we consider P. W. Bridgman’s*® 
experiments on the change of the volume of sodium under pressure. The fol- 
lowing table contains the data of the experiment at 30°C, together with 
values of the pressure calculated from Eq. (27). The values for p and @ were 
calculated at the pressures 1000 kg/cm? and 3000 kg/cm* and were found to 
be respectively 63630 and 72164. 


TABLeE II. 
Pressure Pressure 
kg/cm? AV Vo at 30° kg cm? 
Observed Observed Calculated 

1000 0.0153 1000 
2000 0.0299 2009 
3000 0.0437 3000 
4000 0.057 4009 
5000 0.0697 5009 
6000 0.0819 6007 
7000 0.0937 7009 
8000 0.1050 8000 
9000 0.1159 8990 
10000 0.1263 9962 
11000 0.1365 10944 
12000 0.1465 11933 


6 P. W. Bridgman, Proc. Am. Acad. Arts and Sc. 58, 203 (1923). 
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ON THE INCREASE IN SURFACE AREA DUE TO CRYSTAL FACES 
DEVELOPED BY ETCHING 
By Lew: Tonks 
RESEARCH LABORATORY, GENERAL ELEcTRIC Co, 
(Received July 16, 1931) 
ABSTRACT 


The fact that the surface of an etched crystalline body is made up of crystal 
faces means that the actual surface is greater than the apparent surface. The ratio of 
increase in area to apparent area is called the face excess. Given the available crystal 
faces and the orientation of the crystal, both the criterion for determining those faces 
which give the least face excess and two methods for calculating the face excess have 
been worked out. Assuming random crystal orientation and minimum face excess, the 
face excesses in the cases where (1) cubic and dodecahedral, (2) dodecahedral only, 
(3) cubic only, and (4) cubic, dodecahedral and octahedral faces are available have 
been calculated. The face excesses are, respectively, 0.129, 0.225, 0.500, and 0.0882. 
Certain cases involving preferred orientation are also discussed. 


I. INTRODUCTION 


HEN a multicrystal has been etched or subjected to sucha high tem- 

perature that appreciable evaporation occurs, the surface consists of 
many crystal faces. These faces are inclined, in general, to the original sur- 
face and therefore increase the exposed area. In the case of a single crystal 
tungsten rod, Langmuir! found that only dodecahedral (110-type) faces de- 
veloped, and he calculated the increase in area arising from these faces, but 
erroneously. 

A knowledge of the actual surface area of a body is of importance in work 
on electron emission, for the greater the actual as compared with the apparent 
area, the smaller the value of A» in the emission formula 7 =A 97°*,~-*/7. An- 
other field where these considerations are of importance is that of adsorption 
phenomena, the problem having been suggested to the author by Dr. Lang- 
muir as a result of certain experiments which Dr. John Bradshaw Taylor of 
this laboratory is doing with the adsorption of caesium on tungsten. 


II. THEORY OF COVERING A PLANE WITH CRYSTAL FACES 


The problem of covering a plane with crystal faces is that of covering it 
with pyramids whose sides are crystal faces. No matter how small these 
pyramids may be chosen, the total crystal face area exceeds that of the plane 
in a certain ratio. Since one plane projects on another in the same way that 
one line projects on another, a finite surface can be replaced by a vector hav- 
ing the magnitude of the area and the direction of the normal. Thus for any 
pyramid with base s and crystal face sides f1, fo, fs, etc., we can write 


s=f,t+h+fst+--- 
17, Langmuir, Phys. Rev. 22, 375 (1923). 
1030 
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the Clarendon type indicating vectors. More than three vectors are never 
required for a given resultant, and it follows that three crystal faces are suffi- 
cient to cover any plane. This does not mean that any three faces will cover 
any plane, but that if the plane can be covered at all by the available faces, 
three will suffice. Thus we may write 


sng = fim, + font, + fans (1) 


where the vectors are exhibited in terms of magnitude by s, f, fs, etc., and 
in direction by the unit (normal) vectors ms, 11, m2, m3. Per unit area of the 
plane 


Ng = oi, + o2Mz + o3Ny (2) 


where o; =f;/s, etc. The excess of face area over plane (projected, or underly- 
ing) area per unit underlying area is, therefore, 


E = 6, + 6s + 6 — 1 (3) 


and will be called the “face excess.” This face excess may be apportioned be- 
tween the different faces. Let fio =f121-, denote the projection of face f; on 
surface s. The f:-face excess is therefore 


Ey = (fi — fio)/s = o1(1 — m-ns) = 01 — or (4) 
where o10 is the projection of f/s on s. It is readily seen that 
E=E,+ E:+ £3. (5) 


Physically, the problem of calculating the face excess is indeterminate 
in two ways, so that two assumptions are required as a basis for any analysis. 
Neither the probability distribution of the crystal orientation with respect 
to the plane nor the relative abundance of different face types are known. Re- 
garding the former, it is simpler to think of the distribution of the plane 
vector, s, relative to axes fixed in the crystal. On this basis Assumption | 
will be that all directions are equally probable for this vector, That is, if the 
plane be divided into equal infinitesimal areas ds and the unit normal for 
each of these be drawn from the origin of a coordinate system fixed with re- 
spect to crystal axes, then their terminals, S, will be equally dense over the 
whole surface of the unit sphere. (If there were some preferred orientation 
the surface giving equal density might perhaps be an ellipsoid). This assump- 
tion is certainly not valid for a freshly drawn wire, but any considerable 
heat treatment may well give a distribution closely approximating to this as- 
sumption in many cases. 

As for the relative abundance of face types, Assumption II will be that, 
given the types present, these occur in such a way as to give a minimum sur- 
face area and hence a minimum face excess. A more ideal assumption would 
be that of minimum surface energy, but the simpler assumption is justified 
both by our lack of knowledge of the relative surface energies and by its lesser 
mathematical difficulties. 

In Fig. 1 three crystal faces f1, fe, and f3, available for covering a plane s, 
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are represented by the terminals F,, F2, and Fs; of their unit normals on the 
surface of the unit sphere. Since f;, fe, and fs of Eq. (1) can only have positive 
values, it is evident that if s is to be covered by these faces, S must lie within 
the spherical triangle F,F.F;. Thus in seeking among a number of crystal 
faces for those sets of three which can cover a given plane, the only possible 
sets are those whose unit vector terminals include the unit vector terminal 
of that plane within their triangle. 

It is shown in vector analysis® that the coefficients of the vectors in an 
equation like Eq. (2) can be expressed in terms of the vectors themselves, 


1 = [a snong}/ {yrs | etc. (6) 


where [xsn2n3] is the triple scalar product of the vectors. Its geometrical 
interpretation is the volume of the parallelopipedon on the three vectors as 








Fig. 1. Relations between crystal faces and a plane covered by them. 


sides, that is, six times the volume of the tetrahedron OSF:F; in Fig. 1. It 
follows immediately that 


C1 + 02 + G3 = (Vol. SF Fok’; + Vol. OF \F oF’ 3), Vol. OFF ok; = SO CO 


whence a 
E = $Q/Q0. (7) 

Thus SQ is a measure of the face excess and we conclude that any three 
faces characterized by points lying on the small circle F, F2F3 will cover s with 
the same excess, remembering, however, the requirement that S lie within 
their triangle. 

Since the typical plane s may have any orientation, it is necessary to map 
out the sphere into areas (which can be shown to be triangles) for each of 
which the same three crystal faces are to be used. In addition, to satisfy the 
second assumption we must be sure that the face selection is the most eco- 


* Coffin, Vector Analysis, Eq. (61). 
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nomical one. The following procedure will assure this, although there may 
be a simpler method. 

First, to find all the face sets available, connect each face point with 
every other by great circle arcs. Then pass a great circle arc through face 
point F; and S and continue it past S. Every intersection of the continued arc 
with another are gives an available face set having f; as one face. When this 
has been done for all the points F., F3, Fy, etc., in succession, each available 
set will have been found three times. 

Second, the most economical set can be found by the successive compari- 
son of two sets at a time. The small circles of the two sets either lie one within 
the other or else they intersect. If the former, the smaller circle gives the 
lesser face excess, if the latter, draw the great circle through the intersec- 
tions, thus dividing each circle into two segments. The smaller of the two 
segments (one from each circle) which contains S corresponds to the lesser 
excess. 

Having mapped out the sphere there are two methods of procedure for 
calculating the average face excesses in the triangles which have been found. 
One leads conveniently to approximate results, but involves more work. 

The approximate method of calculating face excess. The geometrical inter- 
pretation of Eq. (6) is applied to Eq. (4) so that in terms of Fig. 1 


E, = |sin (x — 6)/sin x|(1 — cos 8) (8) 
and 
o\9 = |sin (x — @)/sin x] cos 0. (9) 


By Assumption I points like S are equally distributed over the spherical sur- 
face so that integration over that surface is indicated. Thus the problem of 
covering any surface using certain faces of crystals which are oriented at 
random is identical with that of covering a single crystal sphere with those 
same crystal faces. Since ds =sin 6d6d@ where @ is the angle F:F,S, we have 


— x , . 
sk, = feof sin #@ sin (x — 8)(1 — cos @)d@/sin x (10) 
0 
giving the average face excess FE, and 
x , 
So19 = feo f sin 6 sin (x — @) cos 6d@/sin x (11) 
0 


for the spherical area soio underlying the f; faces, where 


x 
s= fof sin 6d6. (12) 
0 


Integrating with respect to @ it is found that for any infinitesimal triangle 
with vertex at F; and base along F2F3, the average f,-face excess is 


é, = d(sE,)/do = [2 + (4) cos x — (3)x ctn x | (1 — cos x) (13) 
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and that the corresponding value of @19 is }. This last leads to the simple 
general result that over the whole spherical triangle corresponding to three 
crystal faces, each face covers one third the underlying area. Expanding by 
powers of x in Eq. (13), it is found that 


é: = [x*/40(1 — cos x) ](1 + 0.00264x? + .00456x1 +--+). (14) 


Up to this point the treatment has been exact, but now, instead of actually 
expressing x as a function of @ and integrating with respect to @ we shall use 
the mean value of x calculated by Simpson’s rule, the power terms in the ex- 
pansion being neglected. This gives 


E, = X:'/40(1 — cos x) 
where (15) 


X1 = (xs + 4x23 + x2) /6 


with x3= FiF2, with x2= F3F; and with x23 the value of x for the bisector of 
the angle F,. x23 can be calculated from the spherical trigonometry formula, 
sin (F;/2) ctn Fe + cos F\F2 cos (F;/2) 


ctn x23 = ; -, (16) 
: sin FF’, 





The exact method of calculating face excess. This involves setting up the 
problem in terms of a polar coordinate system fixed with respect to the crys- 
tal axes. Then ,, #2, and 3 can be expressed in terms of the unit 7, j, k vec- 
tors in the x, y, s directions, respectively, and 


Ng isin #@cos@ + j sin @sin@ + k cos 0 
and 

ds = sin 6dédd. 
Applying Eq. (1) to an infinitesimal area, we have 


nsds = nydf, + nodfe + nadfs. 


The integral of this 
fim, + fone + fans = Kc sin? @ cos @ + j sin? @ sin @ + k sin @ cos @)d6d@ (17) 


when resolved into components, gives the values of fi, fe and f; over the area 
s of integration. When this area is the triangle F\F:F3, we know that 
fio = feo =fso => s/3 so that 


E, = (fi — fio)/s = fi/s ~— i, etc. (18) 


although what might be called the proper face excess, that is, the excess area 
of each face relative to the area underlying it alone, is 





D, cad (fi aan fio)/firo = 3E, etc. (19) 
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III. SpueRE CoveRED witn CuBiIc AND DopECAHEDRAL Faces; E=0.129 


As the first example consider the case where both cubic (100 type) and 
dodecahedral (110 type) faces are available. Let the coordinate axes lie along 
the cubic axes so that, referring to Fig. 2, the points L.1/.N ---on the unit 
sphere represent cubic and ABCDE - - - represent dodecahedral faces. Let z 
be the polar axis and let ¢=0 in the xz plane. Dividing the area of the sphere 
according to the faces to be used for each region, we note that within triangle 
ABC thea, b, ¢ faces will give best fit and that within triangle LCB the /, c, b 
faces serve best. Triangles 1JAC and NBA are replicas of LCB. 

A pplication of the approximate method. To use the approximate method we 
must calculate all the parts of these triangles. Since LC = LB = 7/4 and angle 
CLB=7 2 it follows that BC =7 3, angle BCL =sin"'! (2, 3)'*=54.74°. Also 








Fig. 2. Relations between available crystal faces and a sphere covered by them. 


LL’, the bisector of angle CLB is found to be sin! (1 3)! ? =35.26° and CC’ 
the bisector of angle LCB is ctn™! }(1—3>"2)'24 [(143-12)/2"2]!2] /3! 
= 51.33°. 

To calculate E¢ for triangle CLB we tind 


xe = (45 + 4 X 51.33 + 60)/6 = 51.72° = 0.9015 radians 


1 — cos xc = 1 — 0.620 = 0.380 


whence by Eq. (15) 
Fe = Ex = (0.0435. 
In the same way, for FE, 


x. = 45+ 4X 35.26 + 45 = 38.51° = 0.6715 


1 — cosy, = 1 — 0.782 = 0.218 


and 


I! 


E, = 0.0232 (20) 
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giving a total face excess for this triangle of 

Fern = 0.0232 + 2 X 0.0435 = 0.1102. (21) 
In triangle ABC, AL’ = 54.74°. Hence to calculate Ey 


00 + 4 & 54.74 + 600 
7 (¢) 


XA = 350.50° = 0.986 
1 —™ €Os ys = 1 = 0.553 = 0.447 
so that 
Fy = Ex = Ec = 0.0529 (22) 
and the total face excess here is 
Exe = 3 X 0.0529 = 0.1587. (23) 
Application of the exact method. In the exact method we note that the 
calculation centers around the integration of the right member of Eq. (17). 
kor triangle CLB the integration need only be carried over triangle CLL’ 
which will be called Region I. Thus the limits of integration are first #=0 
to @=cot ' (sin @+cos @) and second ¢=0 tog=7 4. Denoting the resulting 
coefficient of 7 by 77, of j by Zj and of k by Zk, it is found that 


Ti = |2'2/8 — 31/2/36 — (2'2/4)T]e = 0.021195z (24) 
Tj = |b — 22,8 — 382/36 + (2'24)T |r = 0.0075817 (25) 
Ik = (3' 2 36)r = 0.0481127 (20) 


where 7 is used for (tan-! 2'*), r= 0.30397. For triangle A BC the integration 
need only be carried over triangle O’CL’, which will be called Region IIT. Thus 
the limits of integration are first, 9= cot! (sin @+cos @) to 9=cot™ (cos ¢), 
and second ¢=0 to @¢=7/ 4. It is thus seen that the values of the integrals 
need only be worked out for the upper limit, the lower limit being identical 
with the Region I integrals. Thus for the 7, 7 and k components in Region I] 
we find 


Ii = [(2"/2/2)T — 2"2/8|e — Ti 


= |3! 2/36 — 2'/2/4 + 3(2'/2 4)T |x = (.016966r (27) 
Hj = |§ — (282/4)T |e — Lj 28) 
= [21/2/§ + 31/2/36 — (2'/2/2)T]e = 0.0099517 ” 
ITk = [2'/2/8 — (2''2/4)T |e — Tk 
(29) 


[22/8 — 31/2/36 — (2'/2/4)T |r = 0.021195r. 


The left member of Eq. (17) readily resolves into components by noting 
that 











np =k, ma = (i+ 79)/2"7, np = GY + k)/2', ne = (k + 1)/2'*. (30) 














INCREASE OF SURFACE AREA BY ETCHING 1037 


First, identifying L, B, and C with F,, F, and F; respectively, and using 
Eq. (30) in Eq. (17) on that basis, we find 


c/2'/? = Ji, 6/2'? = Tj, 14+ (6+ c)/2!' = Ik. (31) 
From these and Eqs. (24), (25), and (26) the numerical values of /, and b+c 
can be found. Since triangle LCB occupies 1, 48th of the whole similar area 
on the sphere, we must multiply these values by 48 giving 
48] = 0.92827, 48(b + c) = 1.95332. 
These values, together with the area of triangle LCB are shown in Table I 
in Row 1, Columns 5 and 1, the areas there being expressed as multiples of 
great circles on the unit sphere. 
Similarly, for Region II, identifying A, B, and C with F,, Fs, and Fs, 
respectively, we find 
(c + a)/2'"* = TTi, (a + b)/2'? = TTj, (6 + c)/2!? = ITk. (32) 


From these and Eqs. (27), (28), and (29), the numerical value of 


(a+ 6+ c) = (2'?/2)71i + Ij + ITk) = (6'!?/72)x (33) 
and 48 times this gives the total dodecahedral face area on triangles such 
as ABC to be 1.632997. This, together with the corresponding spherical area, 
is shown in Table 1, Row 2, Columns 5 and 1. In accordance with Eq. (18) 

TABLE I. Sphere covered with dodecahedral and cubic faces. 


The unit of area is the great circle, that is, x ordinary units on the unit sphere. 





a Number and | Area of Total area Fon 
er its type of : en eager Pe prc 
pens a crystal | Single Sphere | of face underlying a 
staan faces face underlying | tvpe | face type | 1D 
I, 2 Dodec. 0.9766 0.8635 | 1.9533 | 1.7270 0.0436 
| (0.0435) 
2.5906 }| 1 Cubic 0.9282 | 0.8635 | 0.9282 | 0.8635 0.0250 
(0.0232) 
II, 3 Dodec. 0.544 0.4698 1.6330 1.4094 0.0529 
1.4094 | (0.0529) 
Whole | Dodec. | 3.5863 3.1364 [0.1595] 
Scheer Cubic | 0.9282 | 0.8635 (0.0750) 
4.000 All faces | | 4.5145 | 4.000 0.129 


( ) indicates a value found by the approximate method. 
[ ] indicates values of D rather than & in that they relate the face area to the area of 


sphere underlying that face type only. 

the mean face excess in Column 7 was found by subtracting Column 4 from 
3 and dividing by the spherical area given in Column 1. The results, arranged 
according to face type only, are given in Row 3. Two of the Column-7 values 
are mean values of proper face excess D (see Eq. (19)) in that to obtain them 
the difference between the values in Columns 5 and 6 was divided by the value 
in 6. It will be noted that the face excess values found by the approximate 
method show excellent agreement with the exact results. 
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IV. SpHeERE CoverReD With DopECAHEDRAL Faces: FE = 0.225 


In this case the same two regions appear so that the same sets of integralr 
can be used in the calculation. The ditference lies in the substitution of D os 
FE (Fig. 2) for LZ in Region I. Since E and PD can be used interchangeably inso- 
far as closeness of fit is concerned, / can be used for triangle LCL’ and, sym- 
metrically D for LBL’, again making it possible to use an integration over 
LCL’ only. 

Thus adding the equation 

ne = (k — i)/2'? (34) 
to the set under Eq. (30) and using these in Eq. (17) as heretofore, we have 
(c — e)/2'!2 = Ji, 6/2'? = Tj (6+¢+e)/2'? = Ik (35) 

whence, by Eq. (26) 
48(b + ¢ + e) = (4/3)60' 22 = 3.26607. (36) 


Since the face area over triangles like A BC has already been found to be 
1.63307, the total face area is +.8990 and the face excess in this case is 0.225. 
Langmuir has arrived at the incorrect value 0.06. His calculation is based on 
the false tacit assumption that the hemisphere seen from any cubic axis pro- 
longed will contain no hidden faces. But this condition can be fulfilled for 
only two of the hemispheres. Suppose it holds for the +x and —x hemi- 
spheres. Then triangle LCB contains no £ and must contain D faces, but these 
will be hidden when viewing the +, hemisphere from the y-axis prolonged. 
Similar considerations hold for the —y, +2, and —s hemispheres. 

V. Spuere Covered with Cupic Faces; E= 0.50 

Although the method just described fails for dodecahedral faces, it can 
be used when cubic faces only are available. In that case it is obvious that the 
area of each cubic face is that of a great circle, making 6 in all, so that & = 0.50. 

VI. SpHuerReE Covered with Cusic, DODECANEDRAL, 
AND OCTAHEDRAL FACES; £ =0.0882 

Octahedral faces are represented by eight points on the sphere like O” in 

Fig. 2. Thus the number of regions to be handled reduces to one, the triangle 


TABLE II. Sphere covered with cubic, dodecahedral and octahedral faces. 
The unit of area is the great circle, that is, t ordinary units on the unit sphere. 


Area of 5 
t wet Designation |—— — er F Oe Saeens 
' C ag in Text | F: Underlying | k 
ace | ace ty pe sphere 

Cubic l | 1.4949 1.3333 0.04040 
Dodec. | c 1.4006 1.3333 0.01682 
Oct. a’ 1.4574 | 1.3333 0.03102 
All | 4.3529 4.0000 0.0882 





CLO’, and again the integrals already evaluated can be used, namely, /i+J//1, 
Ij+I1j, Ik+ITk. For the new face 
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ny = (i+ 7 + k)/3'” (37) 


is to be taken in conjunction with n,; and me of Eq. (30). These, used in Eq. 
(17), give 


of /3'2 4 ¢/2"2 = Ti+ Ti 
o/32 = +1j .. (38) 
0/32 +14 c/22 = Ik + Ik 


Solving for 0’, c, and / and multiplying each by 48 gives the areas tabulated 
in Table II. Face excesses are also shown there. 


VIL. Cases INVOLVING PREFERRED ORIENTATION 


Orientation with respect to surface. \Ve now turn to certain special cases of 
preferred orientation. It is obvious that if the crystal orientation over any 
surface is such that the unit surface vector terminal S lies at a face point on 
the unit sphere, the face excess will be zero provided this is the face which 
appears. This is a most economical orientation. The least economical orien- 
tation so far as dodecahedral faces are concerned is that in which a cubic axis 
is perpendicular to the surface, i.e., S lies at L, Fig. 2, giving a face excess of 
212-1 =0.414. 

Orientation with respect to wire axis. Another type of case arises if we sup- 
pose, in a wire, for instance, that a crystal axis coincides with the wire axis, 
but that otherwise the orientation is random. This necessitates the calcula- 
tion of the average face excess over a great circle. 

Obviously, the coincidence of an octahedral axis, O’ in Fig. 2, with the 
wire axis can give the least excess when dodecahedral faces are used because 
the corresponding great circle includes six face points. The perimeter of the 
hexagon circumscribed around the great circle and tangent to it at the face 
points gives the crystal face area. Thus the perimeter is 12/3! whence the 
face excess is (12/3!*—27), 27 =0.103. 

If the wire axis be supposed to pass through face point A, the great circle 
contains only two dodecahedral face points, but eight other dodecahedral 
face points can contribute crystal faces. For the axis through .1/ the great 
circle contains four face points, one every 90°. The crystal face area for orien- 
tations from \/ to A has been calculated to be 


} Me = 4{(1 + sin @ cos ¢)''* + (1 — sin @ cos @)! | (39) 


where @ is the angle between O.\/J and the wire axis. When @=0, <f=8, 
the perimeter of the circumscribed square. When @ = 7/4, =f =2(6'?+2'") = 
7.7274. Thus the maximum face excess, 0.272, using dodecahedral faces, occurs 
when a cubic axis lies along the wire axis, and when a dodecahedral axis 
takes this direction, the face excess is 0.230. 

The emphasis in this section has been on the dodecahedral faces of a cubic 
crystal because these faces seem to be preferred by a number of metals under 
a variety of conditions,' but the method is applicable for the faces which may 
be found to be appropriate in any particular case. 
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ABSTRACI 


The structure of NaNO» was determined in order to test W. H. Zachariasen’s 
prediction (J. Am. Chem. Soc. 53, 2123 (1931)) that the (NO.)~ group would be 
angular with 120° between the N —O bonds. Powdered crystal, rotating crvstal, and 
Laue data were used. The lattice is body-centered, orthorhombic, space group 
C229 (Imm), with a unit cell a=3.55A, b=5.56, c=5.37 containing two molecules. 
From visually estimated intensities the positions of the atoms in fractions of unit 
cell dimensions are: 


Na 0 0.583 0 0.500 0.083 0.500 
N 0 0.083 0 0.500 0.583 0.500 
O 0 0 0.194 0 0 0.806 


0.500 0.500 0.694 0.500 0.500 0.3006 
Distances between atoms are: N—O=1.13A, O—O same group =2.09, O—O 
different groups >3.3, Na—O two O's = 2.53, Na—O four O's = 2.46, average Na —O 
=2.48, h=displacement of N from O—O line =0.36. The angle between the N—O 
bonds = 132°. The observed data definitely disagree with a linear NO» group. 


INTRODUCTION 


ODIUM nitrite is one of the XO, group of crystals for which W. IH. 
Zachariasen' predicted an angular cation-oxygen group with approxi- 
mately 120° between the nitrogen to oxygen bonds. Accordingly the determi- 
nation of its structure was made. In NaNQ: each of the atoms present has an 
appreciable x-ray diffracting power with reference to the remaining atoms. 
This, together with the small number of atoms to be considered, made it pos- 
sible to determine the structure entirely on the basis of the observed intensity 
of x-ray reflections. It was naturally necessary that in determining the struc- 
ture no assumptions be made as to interatomic distances or the arrangement 
of the atoms, because any such assumptions would invalidate the determina- 
tion as far as its being a test of the NO» group prediction. 


wR 


CRYSTALLOGRAPHIC DATA 


Crystal system, orthorhombic. (class not given) 
Axial ratio, a:b:¢c =0.6399:1:0.9670 
Density, 2.157 


* Presented at the Washington Meeting of the American Physical Society, 1931 
'W.H. Zachariasen, J. Am. Chem. Soc. 53, 2123 (1931). 
* P. Groth, Chemische Kristallographie 2, 18 (1908). 


1040 








CRYSTAL STRUCTURE OF NaNO, 1041 


OpTICAL PROPERTIEST 


The indices of refraction are: 


y = 1.648 + 0.003 ¥ is parallel to c 
3 = 1.460 + 0.010 8 is parallel to b 
a = 1.354+0.010 @ is parallel to a 


Positive birefringe = 0.294 + 0.013 

The positive axial angle 2 VV = 75° approximately. 

The crystals used in determining the structure were small platelets, 2 or 3 
mm in the longest dimension, and were obtained by slow evaporation of a 
water solution of NaNO» at room temperature. 


Unit CELL SIZE AND TYPE OF LATTICE 


An approximate unit cell size was determined from rotating single crystal 
photographs and verified by minimum wave-length calculations for Laue 
photographs. An accurate cell size was then determined from a powder photo- 
graph, which had been indexed with the aid of the rotating photograph cell 
size.* 


A 6=5.50A c¢ = 5.38A. 


on 


¢= 3.5 


This unit cell size and the observed density leads to the determination 
that there are 2.011, i.e. 2 molecules in the unit cell. The calculated density is 
2.144. 

All reflections appearing on both the Laue and rotating crystal photo- 
graphs were found to have i4+k+/ even. This shows that the structure is 
built on a body-centered lattice. The Laue photographs were indexed by the 
usual gnomonic projection and the rotating crystal photographs by the graph- 
ical method of J. D. Bernal.’ 


DETERMINATION OF SPACE GROUP 


Since the crystal class was not given by the crystallographic data it was 
necessary to investigate all space groups of the orthorhombic system and 
definitely to eliminate all but one. Space groups were eliminated as possibili- 
ties: (1) for not containing the two-fold, or one-fold, equivalent positions re- 
quired for N and Na, (2) for not permitting the observed reflections, (3) for 
being equivalent to space groups of higher symmetry, (4) for not beng body- 
centered or permitting a body-centered lattice by special choice of the para- 


+ lam indebted to Dr. T. Barth, Geophysical Laboratory, Carnegie Institution of Wash- 
ington, for these measurements. 

3]. D. Bernal, Proc. Roy. Soc. A113, 117 (1926). 

* Since the choice of a, 6 and c for the axes in an orthorhombic crystal is arbitrary, the 
choice for this investigation was so made that they would be in agreement with the axes of the 
original crystallographic data as given by Groth. Mauguin’s new space group notation, how- 
ever, leads to another choice of axes, but it seems preferable to retain the original crystallo- 
graphic axes. The data as given in this paper can be brought into agreement with Mauguin’s 
notation very simply by interchanging 6 and c. 

4*R. W. G. Wyckoff, The Analytical Expression . .. of Space Groups, 2nd edition, 1930, 
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meters.’ This procedure eliminated all space groups except C»,7(Pmn),? 
Co,'"(Pnn), Co*"(Zmm), V3(P222), Vs(1222), Va? (num), and VA8(mmn). A 
thorough consideration of these space groups with reference to the observed 
intensities served to eliminate as possibilities all space groups except C»2,7" 
(Imm). Special care had to be exercised on account of the fact that the num- 
ber of molecules in the unit cell is so small that for some space groups the 
atoms could be placed entirely in special positions. 
Accordingly C2.°"(/nin) was assigned as the space group for NaNQOb». 


DETERMINATION OF PARAMETERS 


Powder crystal photograph data, verified by rotating crystal photograph 
data, were used in determining the values of the parameters, because relia- 
ble visual estimations of intensity can be easily made froma powder photo- 
graph. 

Inspection of the intensities shows at once that reflections from faces 
OO! (002 VV, 004 W) and 040 (020 VS, 040 TV) do not have normal decline 
of intensity. Thus there must be parameters different from 0° and 180° in 
both the ¢ and 6 directions of the crystal. 

Rewriting the space group as given by Wyckoff so as to provide for this 
irregularity, and also choosing one of the parameters in the } direction as zero 
(pyramidal class), the following arrangements were found as possibilities: 


1. Na Ou} N 023 O 00w 5. Na 3u0 N 320 O 00w 
YB Ou OVO = 00w 6. Ow0 20 OO0w 
3. 010 Ove O00w 010 OO O00w 
4. 30 0v0 = O00w 


Eliminations were made as follows: 1 and 5, because they are equivalent 
to 7; 2, 3, and + because they do not account for the very strong 101 reflection 
6 because it does not account for the absence of the 202 reflection. Thus all 
except 7 were eliminated. 

The parameters “, v7, and w, of 7 were somewhat limited by general con- 
siderations. Since 002 is very weak, w for oxygen must be in the neighborhood 
of 90° i.e. 45°-135°. Since 020 is very strong, while 022 is strong, the para- 
meters in the } direction must be in the neighborhood of 0° or 180°. i.e. —45° 
— +45° or 135°-225°. (360° =length a, b, or ¢ of unit cell.) 

Intensities were calculated for successive values of the parameters within 
the ranges given above by means of the usual expression for intensity of 
powdered crystal reflections. 

1 1 + cos 20 
T = ie ere autiiigiaaiaigaaininaan 
sin?@ 2cos@ 
where: /= intensity, F=structure factor, @=glancing angle, f=number of 
faces contributing to reflection. 

The atomic diffracting powers were obtained from “F” curves having the 

values given in Table I. The Nat curve is that derived from the values ob- 


5 Ch. Mauguin, Zeits. f. Krist. 76, 542 (1931). 
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tained for rock salt at room temperature.’ The O> curve is virtually that ob- 
tained by J. West for KH2PO,4.? The curve for N** is a reasonable extrapola- 
tion from Be and B “ F” curves. 


TABLE 1. SF" curve values MoKa. 


Sin @ Na’ Q N* 
0.1 8.5 6.0 3.3 
15 4.3 2.8 
in 5.8 3.0 2.2 
25 4.6 ae 1.6 
3 3.6 1.9 1.2 
.35 2.9 1.6 0.9 


The best agreement between the calculated and observed values of the 
intensity was obtained for the values: 


u of Na=210°, v of N =30°, w of O =70°. 


Table IT lists the observed and calculated intensities for the powder photo- 
graph, while Table IIT lists the observed intensity and calculated structure 
factors for the rotating crystal photographs, which were used to check the 


TaBLe I]. NaNO. Powder crystal photograph data. 


Indices Sin @ Observed* Calculated Indices Sin @ Observed* Calculated 
intensity intensity intensity intensity 

011 0.09] 1 2.9 202 0.239 nil 2.0 
110 0.118 59.1 132 0.252 9.8 
101 0.119 15 250.3 040 0.255 3 4.0 
123 0.255 12.0 

020 0.127 7 159.9 
004 0.263 1 4.4 

002 0.132 1 3.8 
222 0.271 3 8.9 

1?1 0.174 7 110.9 
033 0.275 1 3.9 

112 0.177 0 76.6 
141 0.281 Zz 8.4 

(2? 0.183 } 26.0 
231 0). 284 nil 2.8 

200 0.199 5 36.1 
| og 0.287 9.2 
031 0.202 1 6.2 213 0.288 5 11.6 
114 (). 289 La 

O13 0.208 4 be ae 
024 0.292 1 4.8 

130 0.216 3 13.4 
310 0.3060 0.5 
211 0.219 nil 2.6 301 0.306 2 5.4 

103 0.221 nil 2.0 

220 0.236 4 25.8 


* Intensity is given in arbitrary units. 


®W. HH. Zachariasen, Zeits. f. Krist. 71, 517 (1929). 
7 J. West, Zeits. f. Krist. 74, 306 (1930). 
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powder data. Table IV gives the values of the parameters in degrees, frac- 
tions of the unit cell dimensions, and in angstrom units. 

The possibility of a linear O—N—O© group was carefully considered but 
the calculated intensities under all possible arrangements of the atoms failed 
to agree with the observed intensities. This complete lack of agreement is 
sufficient to show that a linear O—N—O© group is impossible for NaNO». 


TAaBLe II. NaNO ,. Rotating crystal photograph data. 


Indices Sin @ Observed k Indices Sin @ Observed k 
intensity intensity 
110 0.118 S 14.5 103 0.221 W Ie 
101 0.119 VS 29.9 220 0.236 Ss 19.6 
020 0.127 VS 36.2 202 0.239 W 5.6 
002 0.132 W 5.8 132 0.252 \l 9.3 
112 0.177 S 7.2 040 0.255 M 11.9 
022 0.183 S 15.0 123 0.255 M 10.4 
200 0.199 VS 21.8 004 0.203 M+ 13.1 
031 0.202 W 8.2 222 0.271 M-— 9.5 
O13 0.208 S 15.9 141 0.281 M 9.6 
231 0). 284 W 5.6 
213 0.288 M 11.6 
TABLE IV. Values of the parameters. 

Na 0° 210° 0° 0 0.583 0 OA $.24A OA 
180 30 180 0.500 0.083 0.500 Fe 0.46 2.67 

N 0 30 0 0 .083 0 0 0.46 0 
180 210 180 .500 .583 .500 1.77 3.24 30 
O 0 0 70 0 0 . 194 0 0 1.04 
0 0 290 0 0 . 806 0 0 4.34 
180 180 250 . 500 . 500 . 694 bay 2.78 a.a2 
180 180 110 .500 . 500 . 300 By 2.78 1.05 


DISCUSSION OF STRUCTURE 


The arrangement of the atoms as obtained with the parameters given in 
Table IV and the symmetry elements of the space group, (2,*",(Jmm) is 
shown in Fig. 1. A projection on the (a) face of the unit cell is shown in Fig. 2. 
The angular NO» group is easily seen in either figure. The angle between the 
N —O bonds is found to be 132°. It must be noted here that the diffracting 
power of nitrogen, although very favorable, is nevertheless small, relative 
to that of oxygen and sodium. This means that it is not possible to locate the 
nitrogen with great accuracy. It is found, however, that the parameter for 
nitrogen cannot vary by more than ten degrees from the value assigned with- 
out causing prohibitive disagreement between the observed and calculated 
intensities. This variation corresponds to a variation of the 0 —N—O angle 
from 146° for N parameter = 40°, to 118° for N parameter= 20°. 

Thus it is conclusive that the NOs» group is angular in the case of NaNOz. 
Since the dimensions of the NO: group are small, which means that it is a 
tightly bound group, there is little reason to suspect that the group should 
vary much from crystal to crystal, for similar tightly bound groups, for ex- 
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Fig. 1. NaNOs. Parallel perspective drawing of structure. Large, medium, and small 
circles represent oxygen, sodium, and nitrogen, respectively. 
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Fig. 2. NaNQOs. Projection on a face. Large, medium, and small circles represent oxygen, 
sodium, and nitrogen, respectively. Clear circles represent atoms placed at a=0 and shaded 
circles atoms at a= }. 
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ample the SO, group, maintain the same arrangement through a wide range 
of chemical compounds. 

In addition to checking the angular group prediction, the structure of 
NaNOz is itself of special value and importance, due to the fact that it is a 
new type of structure. Since this NO» type of structure is new, its character- 
istics can be compared to those of known structures only to a limited extent. 
All of the interatomic distances found in the structure are very reasonable 
when compared to known empirical interatomic distances, and further the 
structure accounts for the very unusual birefringence. 

The interatomic distances are of especial value because in deriving the 
structure no interatomic distance assumptions were used and further the 
small number of parameters adds to the certainty of the distances. 

The interatomic distances are as follows: 


Nat —O® two O's 2.534 ()- —O> different groups >3.3A 
Nat —O>* four O's 2.46 Nt8?—QO 1.13 
Nat—O* average 2.48 (-—O> same group 2.09, 


The value 2.48A for the average N*—O> C. N. (coordination number) 6 
distance agrees very well with the value of 2.46 as found’ in NaClO3. The 
minimum O= —O= C. N. 6 distance different groups can be compared with the 
value obtained from W. H. Zachariasen’s tables.’ The value for closest ap- 
proach from tables = 3.14A while the observed closest approach = 3.3A. 

The O= —O* distance NO» group and the N**—O>* distance are distinctly 
new contributions to the available empirical interatomic distances. In com- 
paring them with known distances all that can be said is that they are of the 
right order of magnitude. For example N*°>—O> C. N. 3 distance is given!" as 
1.22A in LiNOs while the new Nt*?*—O= C. N. 2 distance is 1.13. 

Following the method used by W. L. Bragg! in his consideration of the 
refractive indices of calcite and aragonite it is at once apparent from qualita- 
tive considerations that the unusually large birefringence is accounted for 
by the marked difference in the polarizibility of the NO» group in different 
directions. In a future paper quantitative calculations of the indices of refrac- 
tion will be given, for such calculations should give information regarding the 
distribution of the outer electrons of oxygen. 

For the electric vector perpendicular to the NO» group, the polarization 
is a minimum due to the fact that the induced electric moments oppose each 
other. This minimum polarization corresponds to the minimum index of re- 
fraction. Likewise for the electric vector parallel to the O —O line of the NO 
group the polarization is a maximum due to the fact that the induced electric 
moments aid each other. The optical data show that a, 1.354, has the direc- 
tion of the @ axis, which is the direction perpendicular to the NO» group, 


8 W. H. Zachariasen, Zeits. f. Krist 71, 529 (1929). 

* W. H. Zachariasen, Zeits. f. Krist. in press. 

1 R,. W. G. Wyckoff, Phys. Rev. 16, 149 (1920). 

1 W. L. Bragg, Proc. Roy. Soc. A105, 370 (1924); Proc. Roy. Soc. A106, 346 (1924). 
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while y, 1.648 has the direction of the c axis, which is the direction of the 
O—O line of the NOs» group. 


Thus the structure as given is in complete agreement with available x-ray 
and optical data. 

I wish to express my best thanks to Dr. W. H. Zachariasen for his interest 
and advice throughout the course of this investigation. 
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THE LIGHT OF THE NIGHT Sky 
By JosepH KAPLAN 
UNIVERSITY OF CALIFORNIA AT Los ANGELES 
(Received June 1, 1931) 
ABSTRACT 

The two lines at 4416A and 4168A, recently reported by Lord Rayleigh in the 
light of a very bright night sky, are identified as Oy; lines. A theory is proposed which 
accounts for the strong excitation of the green aurora line both in the night sky and in 
the aurora borealis. The theory explains why no O,+ bands are found in the aurora 
while N.+ bands are very strong. Explanations are proposed for the two lines of 
singly-ionized oxygen and for the continuous spectrum in the night sky. Experiments 
performed by the writer substantiate the theory. 


HE initial purpose of this note was to propose an identification for the 

two unknown lines recently remeasured by Lord Rayleigh in the light of 
an exceptionally bright night sky.' These lines, which Lord Rayleigh calls X, 
and X», have wave-lengths of 4416+ 2A and 4168+ 2A and it is suggested 
that they correspond to two lines of singly ionized oxygen having wave- 
lengths of 4416.97A and 4169.23A. This agreement is within the errors of 
measurement. In addition to these two lines the light of the night sky contains 
the green aurora line and a faint continuous spectrum. The green aurora line 
is by far the strongest line in the night sky and in most cases it is the only 
line which is observed. 

In trying to understand the possible meaning of the existence of lines 
belonging to ionized oxygen in the night sky, it occurred to the writer to com- 
pare these lines with some of the lines which are observed in the spectrum of 
the aurora borealis. The reason for this comparison lay in the fact that the 
green aurora line is a constituent of both the aurora and the night sky spectra. 
The comparison showed that of eight lines listed by Vegard* in the aurora 
spectrum, five corresponded to lines belonging to singly-ionized oxygen and 
three are listed either as unidentified nitrogen lines or as singly-ionized nitro- 
gen lines. These identifications were obtained from the Kayser “Tabelle der 
Hauptlinien” where they are listed both as “luftlinien” and oxygen or nitro- 
gen lines. It is suggested therefore that the method, by which the aurora green 
line and the other oxygen lines are excited, is essentially the same in both the 
aurora and the night sky. Furthermore, oxygen molecule-ions, formed by sun- 
light in the case of the night sky and probably by electrical discharge in the 
aurora, are the essential elements for the production of the aurora green line. 
It will be the purpose in what follows, to justify these statements and in that 
way to explain a most remarkable spectroscopic feature of these two displays, 
namely, that the only oxygen arc line which is observed in either of the two 
cases is the green aurora line. 


1 Lord Rayleigh, Proc. Roy. Soc. 131, 376 (1931). 
* Vegard, Phil. Mag. 46, 193, 577 (1923). 
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We will first point out one other feature of the aurora spectrum which will 
help us to understand the present problem. The aurora spectrum consists al- 
most completely of the first negative bands of the nitrogen molecule-ion and 
the green aurora line. Other radiations in the aurora are in general very weak 
compared with these. In view of the fact that band spectra, which are emitted 
by ionized molecules, are characteristic of low pressure discharges, it is sur- 
prising that the second negative bands of oxygen are completely missing from 
the aurora spectrum. These bands fall in the red and yellow and are very 
easily excited in the laboratory discharges in oxygen at pressures around 10-° 
mm. This fact immediately suggests that the failure of these bands to appear 
in the aurora, as well as the production of neutral and singly-ionized oxygen 
atoms, are due to the dissociation of O.*. It is proposed therefore to discuss 
how the dissociation of O.* can result in the formation of oxygen atoms and 
how this will account for the light of the night sky. 

The recombination of an ionized oxygen molecule and an electron can 
vield a highly excited oxygen molecule with sufficient energy to dissociate into 
one or perhaps even two oxygen atoms in the 'Sp) metastable state on which 
the green line originates. That this is a process which may well have a very 
high probability is shown by the following remarkable coincidence. The heat 
of dissociation of oxygen into two normal atoms is now known to be exactly 
5.06 volts? + the energy of the oxygen atom in the 'Sp state is 4.19 volts, so 
that the energy necessary to dissociate an oxygen molecule into two 1S, atoms 
is 13.44 volts. The ionization potential of oxygen, while not definitely known, 
is generally given as 13.5 volts® and it is seen that there is a most striking 
agreement between the energy required in this process and the most probable 
value of the available energy. 

We can advance another argument to show that the above explanation is 
probably the correct one. The oxygen molecule is very unstable in its higher 
energy states. This is shown by the fact that the highest electronic level which 
has been observed spectroscopically in Oy lies at 6.1 volts. Thus between 6.1 
volts and the ionization potential there are no observed levels of oxygen and 
in view of the number of energy levels which have been obtained for other 
diatomic molecules one can certainly take this as an indication that any at- 
tempts to excite energy levels higher than the 6.1 volt level, results in a disso- 
ciation of the molecule into one or more excited atoms. There is now consider- 
able experimental evidence to show that the failure of a molecule to emit 
bands in certain energy regions can often be traced either to a predissociation 
of the excited molecule or to a direct dissociation by electron impact. We thus 
have another convincing argument for the notion that recombining O° 
vields metastable oxygen atoms and the green aurora line. 

Direct evidence for the occurrence of the above discussed process has 
been found by the writer in some current experiments on the aurora spectrum. 


* R. Frerichs, Phys. Rev. 36, 398 (1930). 

4 R. T. Berge, Trans. Faraday Soc. 25, 1929. 

® F, Paschen, Zeits. f. Physik 65, 1 (1930). 

6 Franck u. Jordan, Anregung von Quantenspriingen, p. 273. 
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These experiments are to be reported in detail elsewhere and it will be suffi- 
cient to say that it was possible, after the strong O.* bands in the visible were 
produced, to make them disappear, to be replaced by a strong incandescence 
of small bits of oxide, indicating the presence of atomic oxygen. Furthermore, 
collisions of the second kind were observed between '.S) oxygen atoms and 
metastable nitrogen molecules, a process similar to the one that takes place 
in active nitrogen between metastable nitrogen atoms and metastable nitro- 
gen molecules. This process was particularly striking in air at pressures rang- 
ing between 10°* mm and 10 * mm. There the oxygen bands failed to appear 
and the incandescence was quite intense. The nitrogen bands practically 
duplicated the nitrogen bands of the aurora spectrum so that in effect, this 
Was a reproduction of the aurora spectrum. More will be said about this else- 
where. 

We will now discuss a process by which the two lines of singly-ionized oxy- 
gen arise in the very bright night sky. A collision between a highly excited 
oxygen molecule (one which is about to dissociate) and a molecule ion, can 
result in a dissociation of the molecule ion into an atomic ion and a neutral 
atom. It is reasonable to assume that this process will be less probable than 
the recombination and dissociation process mentioned above. Hence only in 
the brightest night skies are the lines Y,; and Y. observed. Furthermore, the 
lines of singly-ionized oxygen are very weak in the aurora. 

The night sky which was described by Lord Rayleigh was so bright that 
the continuous spectrum made it difficult to see the green line. The same ex- 
planation that accounts for the green line will also account for a visible con- 
tinuous spectrum. Thus the energy necessary to dissociate a molecule into an 
oxygen atom in the |S, state and one in the 'D metastable level is found to be 
11.21 volts. The difference between this and the ionization potential will 
account for a continuous spectrum around 54004, 

It is possible to explain in a similar fashion the failure of nitrogen to play 
a role in the spectrum of the night sky. Let us assume that nitrogen molecule 
ions are produced in the upper atmosphere. The recombination of a molecule 
ion and an electron would produce an excited molecule in some one of the 
many electronic states which abound in nitrogen. There are at least six levels 
in nitrogen which are quite stable and either they do not radiate or they emit 
bands in the ultraviolet. It is quite possible therefore to describe methods by 
which the decay of nitrogen molecule ions could occur without the radiation 
of visible lines or bands. Dissociation is highly improbable, as is shown by the 
difficulty of producing nitrogen atoms in discharge tubes and also by the fact 
that the N.* bands do appear in the aurora whereas Q.* bands do not. If 
dissociation did occur however, and metastable atoms were produced, their 
radiation would not be observed because the transition ?P —*), which is the 
analogue of the green aurora line, lies at about 1u in the infrared. This fact 
and the fact that so many stable energy levels exist for Ns, take care of both 
possibilities, i.e. dissociation or the formation of stable molecules. It seems 
reasonable to expect the absence from the night sky of nitrogen radiation 
unless we assign part of the continuous spectrum to nitrogen molecule ions. 
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At the present stage of this work we don’t propose to discuss the produc- 
tion of O.*. Whether ozone plays a very significant role in that process is now 
open to question because the oxygen molecule ions may well be formed by 
ultraviolet light in the night sky and by electrical discharge in the aurora. 
Further work will probably shed some light on this question. 
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THE STABILITY OF THE ATMOSPHERE OF A 
ROTATING STAR 


By Ross GuNN 
NAVAL RESEARCH LABORATORY 


(Received July 13, 1931) 
ABSTRACT 


It is shown that electromagnetic forces acting on the gaseous ions of a rotating 
magnetized star can account for its atmospheric stability even when the star proper 
approaches a condition of rotational instability. Milne’s theory of the chromospheric 
stability is shown to be inconsistent with observation if electromagnetic forces are 
taken into account. Because the ions are entrapped by the magnetic field the loss of at- 
mosphere by a rapidly rotating star is small and therefore its angular velocity may in- 
crease until rotational instability of the entire mass sets in. The considerations of the 
paper lend considerable theoretical support to the fission theory of multiple stars. 


UE to the opacity of the sun's atmosphere observations thereof are nec- 

essarily confined to a relatively thin superficial layer. In this layer the 
material is highly ionized and the pressure so low that all the ions describe 
long free paths. The outer layers of this ionized region cannot be in gravita- 
tional equilibrium with a supporting gaseous pressure, for eclipse spectra show 
that surprisingly large amounts of calcium and hydrogen exist several thou- 
sands of kilometers above the photosphere. The forces responsible for this 
departure from the expected equilibrium distribution have not been under- 
stood although it has been long recognized that an acceptable mechanism 
must account for the observed fact that stars which rotate on their axes so 
fast that their equatorial acceleration approaches zero, do not perceptibly 
lose their atmospheres. The fission theory of binary stars seems entirely too 
well founded on observation to deny that rotational break up does not take 
place, and indeed, Struve! has shown that many stars are in a condition of 
rotation favorable to a shedding of their atmospheric material if an outward 
supporting force, such as has hitherto been assumed, actually exists. 


EFFECT OF A MAGNETIC FIELD 


The sun is known to possess a general magnetic field which we have shown 
to have an important influence on solar atmospheric motions. It seems proba- 
ble that most dwarf stars possess magnetic and electric fields not unlike that 
of the sun? and that theories of electromagnetic solar effects and mechanisms 
will have direct application to the general case of a rotating star. The magni- 
tude and distribution of the solar magnetic fields are known from direct ob- 
servation’ so that the magnetic force on an ion moving as a result of a ther- 

'Q. Struve, Astrophys. J. 72, 1 (1930); 73, 94 (1931). 

* R. Gunn, Phys. Rev. 34, 335, 1621 (1929). 

* Hale, Astrophys. J. 38, 31 (1913); Hale, Sears, Van Maanen and Ellerman, Astrophys. J. 
47, 1 (1918). 
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mal collision is readily calculable. The magnetic forces are, in general, much 
larger than gravitational forces and therefore might be expected to determine 
the stability and motions of the ions that constitute the solar atmosphere. 

Page’ and others have shown that a constant force F acting on ions carry- 
ing a charge e immersed in a magnetic field of strength B and executing long 
free paths does not cause the ions to move in the direction of the impressed force 
but gives rise to a motion with constant velocity u specified by 


u = F X B/eB* (1) 


where e and B are in e.m.u. This modifies in an important manner earlier 
conclusions in regard to the stability of the solar atmosphere. At the solar 
equator B is northerly and tangential to the surface and any radial force 
which might arise from gravitational, electric or radiation effects, does not 
produce a radial motion but superposes a uniform velocity on the ions toward 
the east or west. We have seen that an electrical force on the ions combined 
with the known magnetic field will account for the anomalous rotation of the 
sun’ if the ions describe mean free paths longer than the radius r of the helix 
generated by the moving ions. This radius is defined by 


r = mv/ Be = (2mkT)' */ Be (2) 


where mz is the ionic momentum in a plane perpendicular to the magnetic 
field B, e the ionic charge, k the Boltzmann constant and 7 the absolute tem- 
perature. The free paths of the ions are all greater than 7 at all observable 
levels of the reversing layer and chromosphere but as B decreases to very 
small values at the outer boundary of the chromosphere, 7 probably becomes 
very large and comparable to the total depth of the chromosphere. In such a 
circumstance we might expect electromagnetic effects to be unimportant in 
coronal regions although sufficient data are not yet available to make a de- 
finite decision. Except for this outer region of the sun’s atmosphere the mean 
free path is larger than r defined by Eq. (2), and therefore electromagnetic 
forces and interactions play an important part in determining its equilibrium. 


STABILITY OF THE CHROMOSPHERE 


Milne has constructed a theory of the chromospheric stability® which 
depends on the selective absorption of light, emitted at the photosphere, by 
the ions of the chromosphere. In order to attain even approximate stability 
and prevent the chromospheric material from being blown completely away 
by radiation pressure it was necessary for Milne to assume, further, that the 
motion of the ions away from the sun produced a Doppler displacement of 
the absorption line and thus modified the incident force. This subsidiary as- 
sumption appears to be fatal to Milne’s theory, for we have seen that at the 
equator an outward force does not result in an outward motion of the ion 
but will produce a tangential drift of the positive ions. Thus the radiation 
pressure cannot be modified appreciably by Doppler effects and if it actually 
* 4 Page, Phys. Rev. 33, 553 (1929). 

5 R. Gunn, Phys. Rev. 35, 635 (1930); 37, 1129 (1931). 

6 E, A. Milne, Monthly Notices 84, 354 (1924). 
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exists it should produce a westward drift of the chromosphere which is not 
observed. There appears to be no way by which a radiation pressure theory 
can be brought into agreement with observation when the magnetic forces 
on an ion are taken into account, and thus Milne’s theory could be valid only 
if there is no magnetic field in the chromosphere. Several lines of evidence 
show that an appreciable chromospheric magnetic field exists and indeed its 
value, near the base of the layer, has been measured.’ 

In earlier papers it was shown that the anomalous eastward motion of the 
solar reversing layer and chromosphere arose from the interaction of ions 
with the solar electric and magnetic fields. The mechanism is such, that al- 
though the electrical force on a positive ion is vertically downward and hence 
in the direction of the gravitational acceleration, the ions move, not down- 
ward, but to the eastward with a definite velocity and are thus “supported.” 
The support of the material evidently depends on its being ionized most of 
the time and this accounts for the predominance in the chromosphere of 
spectra arising from ions as well as from the next lower state of excitation, 
for a captured neutralizing electron does not necessarily occupy the lowest 
orbit initially but may move down in steps and emit the radiation characteris- 
tic of a neutral atom. Ions having high recombination coefficients and high 
ionizing potentials would be expected to remain neutral most of the time 
and would therefore be caused to diffuse to lower levels by gravitational 
forces. If the higher levels are constantly replenished by neutral atoms shot 
undeviated by the magnetic field to high levels by thermal effects and there 
become ionized, then, after equilibrium is established, the elements of the 
solar atmosphere should be arranged into more or less definite layers accord- 
ing to their mass and the fraction of the total time the atoms spend in an 
ionized condition. The ions having a low recombination coefficient and a low 
ionizing potential should be found highest in the atmosphere while ions with 
large coefficients and high ionizing potential will sink deep in the reversing 
layer or photosphere. The combination of a moderately low ionizing potential 
coupled with slow recombination is believed to account for the presence of 
large amounts of calcium and hydrogen in the chromosphere. A suggestion 
that the ionizing potentials of the elements bears some definite relation to the 
position of the element in the sun’s atmosphere has been made by Nicholson 
and Perrakis? who have pointed out that almost all the elements absent from 
the solar spectrum have high ionization potentials. 

In polar regions the magnetic and gravitational fields are parallel, so that 
support of the type we have considered above is probably not important and 
the polar distribution of material in the chromosphere might be expected to 
differ from that at lower latitudes. A complication enters, however, for un- 
ionized matter shot to high levels by thermal processes in lower latitudes be- 
comes ionized and will diffuse along the magnetic field and hence set up an 
atmospheric circulation toward both poles. The transport of material to the 
poles and its deposition there at high levels appears to make a prediction of 
the expected change in distribution quite impossible. 

7 Nicholson and Perrakis, Comptes Rendus 186, 492 (1928). 
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Loss OF STELLAR ATMOSPHERE 

The thermal energy of a particle in a typical star’s atmosphere is small 
compared to its negative gravitational potential energy and many writers 
have shown that the loss of atmosphere by a nonrotating star is quite negli- 
gible.* Certain stars are known, however, to rotate so rapidly on their axes 
that they are on the verge of break-up':’ and therefore have very small 
equatorial accelerations. Such stars might be expected to lose their equa- 
torial material and yet retain the atmosphere over the poles because rotation 
alone would not affect the polar acceleration. 

In a criticism of the fission theory of binary star systems, Chamberlin'® 
has expressed the opinion that rapidly rotating stars “must shed portions of 
their matter molecule by molecule” and pointed out that the lost molecules 
would carry off angular momentum and thus reduce the incipient instability 
of the system. Chamberlin’s position has not been without support, for if 
Milne’s analysis of the chromospheric stability is accepted, then material 
would be expected to be blown away more rapidly as the surface acceleration 
of a star approached zero. This is contrary to observation for in an important 
paper Russel brought forward excellent evidence which showed that the loss 
of stellar atmospheres by high rotation was quite negligible.® Clearly, then, 
a simple outward radial force on each particle arising from the absorption of 
radiation cannot support the atmosphere, for that outward force must always 
just balance a variable surface acceleration which is a function of the rota- 
tional velocity of the star. Such a balance seems improbable. 

Electromagnetic forces readily account for the observed stability in all 
cases. In lower latitudes any radial force is at right angles to the star’s mag- 
netic field and no matter what the magnitude of the force the ionized at- 
mosphere will be constrained to move to the east or west rather than outward 
or inward. On account of the spherical symmetry it appears that radial forces 
acting on the ions are the only ones which could be of importance and it is 
therefore clear that rapid rotation will not directly disturb the radial equili- 
brium’. However, high speed rotation might affect the equilibrium positions 
of the neutral material, and the abundance of the elements at various levels 
of the atmosphere might be expected to change slightly with changes in rota- 
tion. This readjustment is not believed to be of great importance. 

The presence of a magnetic field in the atmosphere of a star effectively 
prevents the rapid loss of ionized material at its periphery even if the mass 
of the star is greatly concentrated toward the center. The ways by which a 
magnetic star might conceivably lose material are: 

(a) by loss of large massive units. 

(b) by loss of neutral molecules. 

(c) by loss of particles, normally ionized, which succeed by a series of 
favorable collisions in working their way well clear of the star's magnetic 
field. 

§ Jeans, Dynamical Theory of Gases (1925). 

* H. N. Russell, Astrophys. J. 31, 185 (1910). 

© Chamberlin, Carnegie Inst. Pub. No. 107, p. 169 (1909), 
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Loss by method (a) requires no discussion, while the loss of neutral mole 
cules is probably not important except in very cool stars, for it is difficult to see 
how a single atom could pass through the low pressure regions of a star’s at- 
mosphere without becoming ionized and hence subject to magnetic forces. 
The rate of loss by method (c) is believed to be small but it probably takes 
place slowly in very hot stars and results in an outer atmosphere whose ions 
describe individual gravitational orbits about the star. 


The evolutionary processes in a star, hitherto assumed to depend only 
on its physical constitution, are now seen to depend in a large measure on 
electromagnetic processes. In a preceding paper it was shown that the pre- 
cise mechanism which prevents the loss of atmosphere adds angular momen- 
tum to the star until (if the star has sufficient energy) it breaks up forming a 


binary pair. It seems clear that evolutionary processes of the type considered 
by Laplace in his nebular hypothesis has no existence in a magnetized star. 
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DIELECTRIC CONSTANTS OF CERTAIN ORGANIC 
LIQUIDS AT MEDIUM FREQUENCY 


By W. R. PyLe 
MENDENHALL LABORATORY OF Puysics, O10 STATE UNIVERSITY 


(Received June 18, 1931) 


ABSTRACT 


At a frequency of 85.8 kilocycles the dielectric constant was determined at one 
temperature for each of the following: benzene, 2.279 at 22.9°C; cinnamic aldehyde, 
16.918 at 24.2°C; ethyl ether, 4.197 at 26.9°C; methyl cyclohexane, 2.071 at 24.8°C; 
methyl o-nitrobenzoate, 27.756 at 26.9°C; nitrobenzene, 34.369 at 26.1°C; oxalyl 
chloride, 3.470 at 21.2°C; n-propyl ether, 3.394 at 25.7°C; iso-propyl ether, 4.449 at 
25.9°C; and propylene chloride, 8.925 at 26.1°C. At this same frequency the tempera- 
ture coefficients of the dielectric constants for ortho-, meta-, and para-xylenes were 
determined over a temperature range of about 30°C. The data on the three xylenes 
were tested with the Debye theory. 


INTRODUCTION AND THEORY 


HE dielectric constant of an organic liquid has been considered to be 

allied with the other physical properties of the compound such as solvent 
power and molecular constitution. By methods to be explained later the 
dielectric constant is used to obtain the electric moment of the molecule and 
thus account for the symmetry or dissymmetry of its structure. 

By a nulled heterodyne method the dielectric constant was determined 
at a frequency of 85.8 kilocycles and at one temperature for each of the fol- 
lowing: benzene, cinnamic aldehyde, ethyl ether, methyl cyclohexane, methyl 
o-nitrobenzoate, nitrobenzene, oxalyl chloride, n-propyl ether, iso-propyl 
ether and propylene chloride. 

In determining the dielectric constants of some of these compounds it 
was necessary to fill the test condenser only partially with the liquid under 
test so that the limit of the capacity of the apparatus was not exceeded. For 
these cases the following equations were developed with metric units used 
throughout: 

h, = M'L/Vp (1) 


where J/’ represents the mass of liquid required to fill the test condenser to 
height 4, which was just sufficient to null the beat note, p the density of the 
liquid, V the total volume of the test condenser and L its length. 


lin = L— hy (2) 
where /. is the height of the air dielectric in the test condenser. 
(Ri + C) — (Re + Chs/L) 
hy 
1057 


C; (3) 
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where R, is the reading of the precision condenser with only air in the test 
condenser, C the corrected capacity of the test condenser with air as the 
dielectric, R. the reading of the precision condenser with 4; cm of liquid in 
the test condenser and Cy; the capacity in mmf for each cm of liquid dielec- 
tric in the test condenser. 


>= LC; :. (4) 


where € is the dielectric constant of the liquid under test. 

When the test condenser was partially filled with a liquid the air space 
above the liquid contained some vapor due to evaporation. The dielectric 
constant of the mixture of air and vapor could not vary much from unity 
because the dielectric constant of most pure vapors at atmospheric presure 
and room temperature exceed unity less than 0.5 percent A few pure vapors 
from liquids with high dielectric constants have dielectric constants which 
exceed unity by 2.5 percent. Certainly in this work no serious error is intro- 
duced by considering the dielectric constant of the mixture of air and vapor 
equal to unity since only a small amount of liquid could evaporate while 
pouring sufficient liquid into the test condenser to null the beat note. 

Ata frequency of 85.8 kilocyveles the temperature coefficients of the dielec- 
tric constants for ortho-, meta-, and para-xylenes were determined over a 
temperature range of about 30°C. 

For organic liquids whose dielectric constants are only slightly affected 
by temperature a satisfactory relation is expressed by the simple linear for- 
mula 

«¢ = Ay — Bl (5) 


where € is the dielectric constant at temperature /, Ko the dielectric constant 
at 0°C and @ is the temperature coefficient. 

However, nitrobenzene, alcohol, etc., which have comparatively large 
dielectric constants are considerably influenced by a change in temperature 
and hence the linear law does not obtain. For these cases Abegg! proposed 
the following formula 


logio €¢ = login €9 — a (6) 


where €) is the dielectric constant at 0°C and a is the temperature coefficient. 
Lattey and Gatty? have found this equation concordant with their experi- 
mental results over a wide temperature range. 

In this work the data on o-xylene, m-xylene and p-xylene are tested with 
the Debye’ theory. In general Debye’s theory has applied only to gases as 
shown by Zahn‘ and to very dilute solutions of polar compounds in non-polar 
solvents as found by Stranathan.® 


' Abegg, Wied. Ann. 60, 54 (1897). 

* Lattey and Gatty, Phil. Mag. 7, 985 (1929). 

8 Debye, “Polar Molecules” (Chemical Catalogue Co., New York). 
‘ Zahn, Phys. Rev. 24, 400 (1924). 

6 Stranathan, Phys. Rev. 31, 653 (1928). 
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Polar molecules in the gaseous phase or in dilute solution with a non- 
polar solvent are sufficiently separated to render negligible the mutual in- 
teraction due to the overlapping of the electrostatic fields of the molecules. 

The well-known Clausius-Mosotti relation leads to the expression 


e—1 <4 " 

—— = —a (7) 

e+ 2 3 
where the dielectric constant € is expressed in terms of @ the molecular po- 
larizability and » the number of molecules per cubic centimeter. If both mem- 
bers of equation (7) are multiplied by the quotient of the molecular weight 
\/J and the density p, we obtain 

e—1WM tar Min 


— a - a. (8) 
«+2 p 3p 


~ 


The right hand member of equation (8) is called P, the molar polarization. 
Since 1.\/ p equals Avogadro’s number .V (6.06 X 105) equation (8) can be 
expressed thus 

e—1WM _ 
P = —— — = 2.54 X 10*a. (9) 
e+2 p 

rom Maxwell's hypothesis the dielectric constant € is identified with the 
square of the index of refraction r. 

Substituting 7° for € in equation (8) we have the familiar Lorentz-Lorenz 
relation 

r—1 MM 4eN . 
Po = 7 = a ce (10) 
r? +2 p 3 
where P, is called the molar refraction. The molar polarization can be con- 
strued as the molar refraction for zero frequency. 

Debye" expresses the polarizability in the general formula 

a = ag + w/SkT (11) 
where a@ accounts for the distortion effect and uw? 3k7 takes care of the orien- 
tation effect. 

Substituting equation (11) in (9) we get 

P = 2.54 X 1074a9 + 2.54 X 1074u?/3kT (12) 
where k& represents the Boltzmann constant, 7 the absolute temperature and 
uw the electric moment of the molecule. 

Considering a as an invariable molecular constant we can write equation 
(12) thus 

P=A+B/T (13) 


where A and B are constants for a given dielectric. 


* Debye, “Polar Molecules,” p. 36. 
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Comparing equations (12) and (13) we see that 


A = 2.54 X 10%a (14) 
B = 0.618 X 10%u? (15) 
w= 1.27 X 10°-*°B"?2 e.s.u. (16) 


If P is plotted against 1, 7 equation (13) gives a straight line with inter- 
cept A and slope B. If the experimental polarization-temperature curve of a 
substance obeys the linear relationship the slope B may prove to be either 
positive, zero or negative. If the slope is positive the molecule has an electric 
moment and it is therefore a polar molecule. If the curve has zero slope the 
electric moment is zero and the molecule is non-polar. By this method several 
substances have been definitely classified as polar and non-polar.’ 

If the slope comes out negative the electric moment is the square root of a 
negative number and is therefore imaginary. This is frequently the case when 
this simple theory is applied to pure liquid compounds. 

Debye® quotes an example of the data on liquid ethyl alcohol resulting in 
an imaginary electric moment. The inadequacy of the theory in the case of 
pure polar liquids: is generally attributed to association and the effect of 
temperature on the manner and degree of mutual interaction between the 
molecules. 


SOURCE OF LIQUIDS 


A technical grade of methyl cyclohexane was procured from the Eastman 
Kodak Company, Rochester, N. Y. 

A highly purified sample of each of the following was purchased from the 
Eastman Kodak Company: benzene, cinnamic aldehyde, ethyl ether, methy] 
o-nitrobenzoate, nitrobenzene, oxalyl chloride, n-propyl ether, iso-propy! 
ether, propylene chloride, o-xylene, m-xylene and p-xylene. 


DESCRIPTION OF APPARATUS 


The heterodyne arrangement adopted for this work was composed of two 
high frequency oscillators (Hartley type) and a detector with two stages of 
audiofrequency amplification. The beat note between the oscillators was 
picked up by the floating grid of the detector and after amplification was re- 
ceived by the headphones which is similar to the method described by 
Stranathan® and Zahn." 

One of the high frequency oscillators was held at the constant frequency 
of 85.8 kilocycles (3500 meters) by a quartz crystal properly mounted in the 
grid circuit. This crystal had been carefully calibrated by Dr. Tadashi Fuji- 
moto in this laboratory in 1927. The frequency of the other oscillator was 
readily altered by variable condensers. 


7 Debye, “Polar Molecules,” pp. 40, 50. 

8 Marx, Handbuch der Radiologie 6, 614 (1925). 
* Stranathan, Phys. Rev. 31, 653 (1928). 

' Zahn, Phys. Rev. 24, 400 (1924). 
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At first a 1000-cycle tuning fork coupled electrically to the grid circuit of 
the second amplifier was used for some preliminary determinations. However, 
due to harmonics produced by the tuning fork it was difficult to null com- 
pletely the beat note between the heterodyne of the high frequency oscilla- 
tors and the tuning fork note. The tuning fork was discarded for subsequent 
determinations. 

The apparatus (Fig. 1) consisted of: one UX-200A tube for the detector, 
four UX-201A tubes for the oscillators and amplifiers, three Hammarlund 
variable air condensers, suitable inductance coils, two standard audio fre- 
quency transformers and a General Radio Precision Condenser, type 222, 
with maximum range 1500 mmf. 
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Fig. 1. Diagram of apparatus. 


The entire apparatus was shielded with iron sheet and controlled by small 
wooden pulleys mounted outside the shield. Thé shield was well grounded 
thus eliminating the effect of the body capacity of the operator. The three 
electrical circuits were supplied by independent batteries to eliminate possible 
synchronizing effects. 

In Fig. 1, 7-C represents the test condenser, P-C the variable precision 
condenser, C2 a variable air condenser of 0.0005 mmf, C3; a variable air con- 
denser of 0.00014 mmf with vernier attachment and Q a quartz crystal. The 
conventional symbols of the diagram make the rest of it self-explanatory. 

Several test condensers were constructed and tried. The most satisfac- 
tory one, designated as condenser No. 2, was made of two coaxial brass cyl- 
inders (Fig. 2) cemented with sodium silicate to a ground glass base. The in- 
side of the larger brass cylinder and the outside of the smaller one were gold- 
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plated to preclude metallic contamination of the organic liquids. The so- 
dium silicate made a rigid bond between the brass cylinders and glass base 
thus making the condenser fragile to handle. The condenser was insulated 
with felt three-fourths of an inch thick to retard heat radiation. 


PROCEDURE 


With S (a mercury switch) in the proper position and test condenser 7°: C 
disconnected, the precision condenser P-C was adjusted so that the fre- 


Brass Cylinders. Gold-plated 
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Fig. 2. Diagram of test condenser No. 2 

quency of the variable oscillator equalled exactly that of the constant oscilla- 
tor and under this condition the beat note was completely nulled. The sen- 
sitivity of the method was satisfactory because a beat note was heard if the 
capacity of the variable oscillator circuit was varied 0.2 mmf on either side 
of the mean nulled position of the precision condenser. The mean nulled 
position could be determined to within 0.1 mmf. 

In making a run S was thrown to position 2, condensers C, and C3 were 
adjusted so that the beat note was nulled, then S was thrown to position 1 
and with 7-C disconnected, P-C was adjusted to the nulled position and 
read. Then 7-C was connected in parallel with P.-C and PC was again ad- 
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justed to the nulled position and read. Then S was thrown back to position 2 
to see if any shift in frequency had occurred. The shift, if any, was always 
very small. 

The difference between the two readings of P-C gave the apparent ca- 
pacity of 7-C. The apparent capacity of 7-C should be corrected for lead 
capacity, inductance of leads, leakage and stray capacity if the frequency 
used and the method employed warrant it. 

By using two General Radio precision condensers the capacity of dummy 
leads was measured by a substitution method. 

To determine if any appreciable capacity correction due to the inductance 
of the leads should be taken into account let us consider the following expres- 
sion 


L(l — w*LCo) — CoR? 
L,= (17) 
w*CotR? + (1 — wr)? 





where L, is the apparent inductance of the leads, L the calculated induc- 
tance of the leads, Cy) the calculated capacity of the leads, R the resistance 
of the leads and w equals 2m times the frequency. 

We see from equation (17) that terms C)R? and w*(,?R® are negligible 
except when approaching the frequency for which w=1/(LC,)'”. When just 
approaching this frequency we have L, becoming strongly negative. For 
higher frequencies it remains negative but as the frequency is still increased 
it approaches zero. This negative value of the inductance indicates that the 
leads are behaving as a small condenser. 

At the frequency of 85.8 kilocycles used in this work and with the short 
leads employed the terms w°LCo, CoR® and w*C,?R® in equation (17) become 
negligible. Therefore L,=LZ which itself proved to be a negligible positive 
value. Certainly for frequencies for which the value of the inductance is ap- 
preciably negative proper compensation for the capacity should be made. 

The nulled heterodyne method can be used satisfactorily to determine the 
dielectric constants only for liquids with very small conductivity or so-called 
leakage. Otherwise the leakage sufficiently shortcircuits the condenser so that 
no beat note is obtainable. This was the writer’s experience with acetone and 
aniline. By bridge methods, however, the power factor of imperfect liquid 
dielectrics can be measured and the dielectric constant determined. 

It is believed that careful grounding and shielding practically eliminated 
the effect of stray capacities. 

The correction of the capacity of the test condenser for difference in den- 
sity of charge at the ends was considered inappreciable for the slender test 
condensers used in this work. Attempts to eliminate this end effect by the use 
of guard rings is described in the Bulletin of the Bureau of Standards, 3,433. 

The formula for calculating the capacity of a condenser made of two coax- 
ial cylinders is 

C = 0.2416L/logio r:/re (18) 


where L is the length of the cylinders, 7, the radius of the outer cylinder, 7 
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the radius of the inner cylinder and C the capacity in mmf. All dimensions 
are expressed in centimeters. 

For the test condenser No. 2, L = 25.44 cm, 7; =2.89 cm and rs = 2.54 cm. 
By calculation, the capacity of this test condenser equals 109.6 mmf. 

After taking into account the capacity of the leads the capacity of test 
condenser No. 2 as measured with the precision condenser was found to be 
106.9 mmf. Thus the calculated value is about 2.5 percent greater than the 
measured value. 

The calculated value may be in error, (a) due to the cylinders not being 
exactly coaxial, (b) due to the diameters varying slightly throughout the 
length of the cylinders and (c) due to small errors in measurement. 

The liquid whose dielectric constant was desired was placed in the test 
condenser and its capacity determined by the compensation necessary on the 
precision condenser to null the beat note. 

For the liquids with high dielectric constants it was necessary to set the 
precision condenser near its maximum range and partially fill the test con- 
denser until the note was nulled. The mass of the organic liquid required was 
determined with a balance. The height of the liquid in the test condenser 
was determined by taking into account the mass and density of the liquid as 
well as the physical dimensions of the test condenser as already described. 

After a run a small glass tube properly bent was inserted to the bottom 
of the test condenser and the liquid pumped out. The condenser was then 
filled with ethyl ether which was a solvent for all the liquids used in this work. 
After a few minutes the ether was pumped out and the condenser was blasted 
with compressed air and fanned electrically until the ether residue was evap- 
orated. This process was repeated before a new run was made. 

Sam ple calculation of the dielectric constant for oxalyl chloride at 21.2°C 
Substituting in Eq. (1) 


(181.69) (25.44) 


i= = 20.08 cm. 
(154. 68)(1.488) 





Substituting in Eq. (2) 
hy = 25.44 — 20.08 = 5.36 cm. 
Substituting in Eq. (3) 
(265.4 + 106.9) — (57.0 + 22.52) 
OO 20.08 





4 
Substituting in Eq. (4) 


(25.44)(14. 58) 
e=— = 3.470. 
106.9 





Sample calculations of P, Py and p for o-xylene. 
From Eq. (9) 
e—1M _ (1.558) (106.08) 


e+2 p (4.558) (.879) 
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Krom Eq. (10) 
r>—1M (1.265) (106.08) 


P, = ——- — = = 35.8 cc. 


r?>+2 p (4.265) (.879) 





0-2°[(P — Po) TT]? = 1.27 & 10-2] (5.5)(293) ]!/ 


(16 
= 1. 2 
= 5 0O-' e.s.u. 


xX X 


RESULTS 
In Tables I and II are listed the values of the dielectric constants as found 
in this work. Figs. 3, 4 and 5 show graphically the values of the dielectric 
constants at different temperatures for othro-, meta-, and para-xylenes re- 
spectively. 


TABLE I. Dielectric constants. 





_ Organic liquid p M’ V hy hy 
Cinnamic aldehyde 1.049 9.95 9.49 | 1.56 | 23.88 
Ethyl ether .714 67 .00 93 .84 15.43 10.01 
Methyl o-nitrobenzoate 1.284 8.30 | 6.46 1.06 | 24.38 
Nitrobenzene 1.207 10.85 8.99 1.48 | 23.96 
Oxalyl chloride 1.488 181.69 122.10 20.08 | 5.36 
n-Propyl ether 747 90 .40 123.86 20.37 | 5.07 
iso-Propy! ether 735 63.21 86.00 14.14 11.30 
Prapytene chloride 1.166 44 83 37. 41 6.15 | 19. 29 

Org: inic liquid t | Ri R: C; € 
Cinnamic aldehy de 24.2 267 8 163.5 | 71.09 16.918 
Ethyl ether 26.9 264.3 57.0 | 17.63 4.197 
Methyl o-nitrobenzoate 20.9 204.3 | 144.8 116.63 27.756 
Nitrobenzene 26.1 264.3 57.0 144.42 | 34.369 
Oxaly! chloride 21.2 265.4 57.0 14.58 3.470 
n-Propyl ether 25.7 261.9 57.0 14.26 3.394 
iso-Propyl ether 25.9 261.9 57.0 18.69 4.449 
Propy lene chloride 26.1 261.9 57.0 37.50 8.925 
Air 4.20 1.000 


represents nai 

AM’ grams of liquid in test condenser to null beat note 

\’ ce of liquid in test condenser to null beat note 

h, height of liquid in test condenser to null beat note (cms) 
h, height of air in test condenser (cms) 
t temperature of liquid in degrees centigrade 
R, reading of precision condenser with only air in T.C (mmf) 
reading of P.C with h; cms of liquid and /, cms of air in T.C 
Cy; capacity per centimeter of liquid in test condenser 
e dielectric constant of liquid at 85.8 kilocycles per sec. 

qT ABLE Il. Dielectric constants. 


Organic liquids t | Ri R: Cs € 
Benzene | 22.9 | 264.3 127.6 243.7 2.279 
Methyl cyclohexane | 24.8 | 261.9 | = 147.5 221.4 2.071 
o-Xylene 24.2 248.0 | 81.9 273.0 2.553 
m-Xylene 24.1 248.0 | 101.5 253.4 2.371 
p-) Xylene 24.3 248.0 | 112.4 242.5 2.269 


t represents the temperature in degrees centigrade 

R, reading of precision condenser with air in T.C. (mmf) 
R» reading of P.C. with liquid in T.C. (mmf) 

C; capacity of T.C. filled with liquid (mmf) 

e dielectric constant of liquid at 85.8 kilocycles per sec. 
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lig. 3. Dielectric constant-temperature curve for o-xylene. 
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Fig. 4. Dielectric constant-temperature curve for m-xylene. 
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Table III gives the temperature coefficients of the dielectric constants of 
the three xylenes for the linear formula and for the formula proposed by 
Abegg."! 


TABLE III. Temperature coefficients. 


Liquid Ko B €0 aX 108 


o-Xvlene 2.590 0.0016 2.5902 0.270 
m-Xylene 2.414 .0018 2.4141 .318 
p-Xylene 2.283 .0006 2 





_ 


inear formula, «,=Ay—=st 
Abegg's formula, logine: =loginen — at 
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Fig. 5. Dielectric constant-temperature curve for p-xylene. 


The density data for the three xylenes were obtained with a Westphal 
balance. These data are tabulated in Table IV. 


TABLE IV. Density data. 





o-Xylene m-Xylene p-Xvlene 
T p | p p 
288 0.883 | 0.869 0.865 
293 | 879 864 861 
298 875 .860 857 
303 .871 .856 .852 
308 .867 .852 847 
313 | .863 847 843 
318 .859 843 .838 








p represents density and 7 absolute temperature. 


The values of the polarization P for the three xylenes were calculated for 
several temperatures from the dielectric constant and density data. These 
values are plotted in Figs. 6, 7 and 8. 

The values of the polarization P, for the three xylenes were calculated by 
substituting optical data in Eq. (10). From the values of P and P, the elec- 


" Abegg, Wied. Ann. 60, 54 (1897). 
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Fig. 6. Polarization-temperature curve for o-xylene. 
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Fig. 7. Polarization-temperature curve for m-xylene. 
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Fig. 8. Polarization-temperature curve for p-xylene. 
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tric moment yu was calculated for the molecules of each of the three xylenes. 
P, corresponds to the intercept A in Eq. (13). The values of P, P» and yw are 
given in Table V. 4 


TABLE V. Electric moments of molecules. 
































Liquid) «| "Tr | P | Py | (P—Py) | uX10'%e.s.u. 
o-Xylene | 1.505 41.3 35.8 | 5.5 | 0.51 
m-Xylene 1.496 38.6 35.8 2.8 .36 
p-Xylene 1.498 36.7 36.1 | 6 | 17 
Symbol r represents the index of refraction 
P, the polarization calculated from refractive data 
u the electric moment of the molecule 
P the polarization at 20°C as determined in this work 

Results recorded by Williams and Krchma (14) i 
Liquid P | P, |  (P=P.) | uX10% es.u. 
o-Xylene 40.8 35.0 5.8 0.52 
p-Xylene 36.7 35.5 1.2 | .06 








DiscCUsSsSION OF RESULTS 


For a check on the method and technique employed in this work the die- 
lectric constants were determined for ethyl ether, nitrobenzene, benzene, o- 
xylene, m-xylene and p-xylene and were compared with the findings of sev- 
eral other experimenters. The results were in good agreement considering the 
different methods used, the experimental error and the inevitable variation 
in the purity of the organic liquids. 

Table III shows that over the temperature range covered that either the 
linear formula or Abegg’s formula is applicable. For large temperature ranges, 
however, Abegg’s formula or the one proposed by Adams" are valid. The 
apparatus at hand did not permit working an extensive temperature range. 

The polarization-temperature curves in Figs. 6, 7 and 8 for o-xylene, m- 
xylene and p-xylene respectively each show a negative slope. Thus the ex- 
perimental data leads to an imaginary electric moment for the molecules of 
each xylene. These results illustrate the inadequacy of the simple Debye 
theory when applied to pure organic liquids where the mutual interaction of 
the molecules is a dominant factor. 

Debye" shows that molecules of organic liquids such as toluene CsHs 
(CH3) with monosubstituents are all dissymmetrical or polar as indicated 
by the magnitude of the electric moment. For molecules of compounds such 
as xylene CgsH,4(CH;)>. and dinitrobenzene CsH4(NOv2)2 with two equal sub- 
stituents the electric moment should be greatest in the ortho position, less 
in the meta and zero in the para position. The findings in this work on xy- 
lene as tabulated in Table V are in accord with this view. For molecules of 
compounds such as nitrotoluene CgsHy(CH3;)(NO:2) with two unequal sub- 
stituents the electric moment is greatest in the para position. 


2 Adams, J. Am. Chem. Soc. 48, 621 (1926). 
13 Debye, “Polar Molecules,” p. 50. 
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Consulting Table V it is seen that the value of u for o-xylene accords well 
with the value found by Williams and Krchma® for o-xylene in dilute solu- 
tion with a non-polar solvent. Also the electric moments for p-xylene are in 
fair agreement and they are so near zero that p-xylene is considered non- 
polar. 

CONCLUSIONS 

The writer can find no record of the previous determination of the di- 
electric constants of cinnamic aldehyde, methyl cyclohexane, methyl o-nitro- 
benzoate, oxalyl chloride, n-propyl ether, iso-propyl ether and propylene 
chloride. 

It seems reasonable to believe that the values of the dielectric constants 
are relatively as accurate as the purity of the organic liquids. 

The temperature coefficients of the dielectric constants for ortho-, meta-, 
and para-xylenes have been determined over a temperature range of about 
30°C. 

The experimental findings which led to negative electric moments further 
stress the inadequacy of the simple Debye theory when applied to pure or- 
ganic liquids. 

Itis indeed a pleasure to give acknowledgment to Dr. F. C. Blake for his 
constant encouragement and valuable suggestions throughout these experi- 
ments. 


4 Williams and Krchma, J. Am. Chem. Soc. 49, 1676 (1927). 
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A Relation Between the Scattering of X-rays by Gases and Crystals 


Recently Compton! and Jauncey and 
Harvey?“ have obtained formulas for the 
spatial distribution of the intensity of x-rays 
diffusely scattered by monatomic gases and 
by simple cubic crystals respectively. Comp- 
ton’s formula may be written 


S=14+(Z-1)f2 2 (1) 


where S is the scattering per electron in terms 
of the corresponding Thomson value,* Z the 
atomic number of the scatterer, and f’ an 
average atomic structure factor for an atom 
at rest. The difference between f, the true 
atomic structure factor, and f’ has been dis- 
cussed by Jauncey® and Herzog.’ The formula 
of Jauncey and Harvey is 


S=14+(Z-0f2/Z22-FY/Z (2) 


where F is the atomic structure factor of an 
atom in the crystal lattice and includes the 
effect of the thermal vibration of the atoms. 
Woo’ has also recently obtained a formula for 
the diffuse scattering from crystals which 
takes account of the change of wave-length 
due to the Compton effect. However, if 
a(=h/mcd) is small, Woo's formula reduces 
to Eq. (2) provided that f=f’. 


! A.H. Compton, Phys. Rev. 35, 925 (1930). 
2G. E. M. Jauncey, Phys. Rev. 37, 1193 
(1931). 


% Jauncey and Harvey, Phys. Rev. 37, 1203 
(1931). 


‘J. J. Thomson, Conduction of Electricity 
through Gases, 2nd Ed., p. 325. 


5G. E. M. Jauncey, Phys. Rev. 38,1 (1931). 
6 G. Herzog, Zeits. f. Physik 69, 207 (1931). 
7 Y.H. Woo, Phys. Rev. 38, 6 (1931). 


Wollan*® and Harvey,’ respectively work- 
ing on the diffuse scattering from argon and 
sylvine, have found that the f’ values for 
argon and sylvine are almost, if not exactly, 
equal over a wide range of (sin @/2)/d. If we 
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assume this equality to be exact, f’ can be 
eliminated from Eqs. (1) and (2). This elimi- 
nation leads to 

Seas = (S + F?/Z)eccystal. (3) 


The quantity on the left refers to the gas and 
the quantities on the right to the crystal, as is 
indicated by the subscripts. 


* E. O. Wollan, Phys. Rev. 37, 862 (1931). 
*G. G. Harvey, Phys. Rev. Aug. 15, 1931. 
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Eq. (3) is a simple and interesting relation 
connecting the diffuse scattering by mon- 
atomic gas, the diffuse scattering by a crystal 
consisting of the same kind of atoms as the 
gas, and the Laue scattering (Bragg reflection) 
from the crystal. The term ¥*/Z may be con- 
sidered as a correction term which eliminates 
the effect of interference between different 
atoms in the crystal. Wollan’s S values for 
argon, Harvey’s S values for sylvine, and 
James and Brindley’s F values!’ for sylvine 
were used in constructing the accompanying 
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figure. It is seen how closely the S values for 

argon and the (S+F*/Z) values for sylvine 

fall on the same curve. 
G. E. M. JAUNcEY 
G. G. HARVEY 

Washington University, 
St. Louis, Mo., 
July 28, 1931. 


1 James and Brindley, Proc. Roy. Soc. 
A121, 155 (1928). 


Reflection of Electrons by a Special Potential Field 


In his recent paper on the photoelectric 
effect, Professor Frenkel! has given the for- 
mula for the reflection coefficient for a special 
one-dimensional potential field as derived by 
the writer. To avoid possible misunderstand- 
ing it should be pointed out that the factors 
A and B in the potential function as quoted 
on the bottom of page 318 are not absolute 
constants. The potential function actually 
used is of the peculiar form u(x) =0 for xS_); 
u(x) =W)1i-1 [(x a)(1—X,/d2) — 1 }?} for 
x, Sx S4x0; u(x) = U2 for x2=x.. Here a=x2—x1 
AP=h2/2mW, Akz=h?2/2m(W— U2). u(x) is a 
continuous function of x. Naturally this func- 
tion was used only by accident. It arose in an 
unsuccessful attempt to solve the problem in 
which u(x) varies linearly for +; S3xSx. by 
u(x) by a_ step-function. 
Divide the range (x1, x2) into 1 +1 elements of 
lengths Ay,-++,A,,1 by the points 
XYo,***,X,s1. The wave-length in the j-th 
interval is chosen as A,=y%"A; and the 
lengths of the intervals as A,=y9%-)A, with 
>A; =a and y=(A,/A2)"4. As u— & this step 
function approximates more and more closely 
to the function given above. For a finite value 
of u, ¥ can be written in the form c,’e@77/%i 


approximating 


1 J. Frenkel, Phys. Rev. 38, 309 (1931). 


+c,"e—"**/% in the j-th interval. On fitting 
up the solutions at the boundaries of the in- 
tervals it is found that the linear relations 
connecting (c¢,’, ¢;") with (¢)'41, ¢,"41) do not 
involve the index 7. This allows one to intro- 
duce new variables in a manner already de- 
scribed,? and the reflection coefficient for the 
step function can be found. On letting u.— = 
the formula quoted by Frenkel results. Since 
the potential function is of such a special 
kind it hardly seems worth while to describe 
the calculations in greater detail. It may be 
noted that the expression obtained for R 
actually reduces to that for a single potential 
discontinuity, mamely  (A;—Az2)?/(A;+A:2)? 
when a-—0. Finally, in calculating some of the 
numerical values for R from the formula it 
has been found that the fluctuations exhibited 
by it are much less pronounced than was 
originally thought. This has been found also 
in the accurate calculations on the linear po- 
tential function made by Mr. Wetzel which 
will be published soon. 
E. L. Hine 
Department of Physics, 
University of Minnesota, 
August 9, 1931. 


2 E. L. Hill, Phys. Rev. 37, 785 (1931). 


Quantization of Large Scale Events 


The recent letter by Einstein, Tolman and 
Podolsky (Phys. Rev. 37, 780, 1931), point- 
ing to an uncertainty in the description of 
past events required by quantum mechanics, 
concludes with the following sentence: 

“Finally, it is of special interest to empha- 
size the remarkable conclusion that the 
principles of quantum mechanics would actu- 
ally impose limitations on the localization in 


time of a macroscopic phenomenon such as 
the opening and closing of a shutter.” 

it is proposed in what follows to suggest 
how this unexpected result may have arisen. 
It should be noted that the system discussed 
by the authors contains a model of a kind un- 
usual in theoretical physics and it is really 
this which appears to produce the quantiza- 
tion of the large scale phenomenon. Structures 
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acting in a narrowly prescribed manner are, 
it is true, used in the theoretical discussion of 
physical processes as, for instance, in the 
Donnan-membrane equilibrium or in the 
Carnot cycle. How then does the structure 
used in the present case which consists merely 
of a box having two openings, a shutter and an 
ellipsoidal mirror, differ fromthese other cases? 

“The shutter,”’ says the letter, “is arranged 
to open automatically for a short time and 
then close again, and the number of particles 
in the box is so chosen that cases arise in which 
one particle leaves the box and travels over 
the direct path SO to an observer at O, and a 
second particle travels over the longer path 
SRO through elastic reflection at the ellip- 
soidal reflector R.” 

(The diagram is reproduced here for con- 
venience in discussion.) 


Let us distinguish the two openings in the 
box as “A” and “C,” “A” being that through 
which the particle of longer path escapes. On 
opening the shutter, particles will escape 
through A from time to time in arbitrary 
directions spread through 180°. A large frac- 
tion of these, dependent on the angular extent 
of the ellipsoidal mirror, will be reflected so as 
to pass the observer at O. Those leaving C, on 
the other hand, (that is, reaching the observer 
by the short “unreflected” path), form a small 
fraction of all the particles escaping from C 
when the shutter is open. 
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To discuss the total behavior of such a sys- 
tem, we may suppose the shutter to be opened 
at random from time to time and the escape 
of particles duly noted. 

Of the various cases arising, we are asked 
to consider first, those in which particles 
escape simultaneously, which cases are thus 
very improbable and, second, of such cases 
only those in which the B particle is directed 
towards O. The relevant cases thus form a 
small fraction of the class of simultaneous 
emission, itself a rare case in relation to the 
totality of observations. Thus the probability 
of the case with which the argument deals and 
from which the uncertainty in the description 
of past events is deduced, is of the second 
order of infinitesimals. 

Doctors Einstein, Tolman and Podolsky do 

not discuss in how far their conclusion may 
be due to the selection of this sort of unique 
happening for their observations. However, 
some interesting deductions might be made 
from this view of their discussion. The linking 
between the large scale event, that is the 
opening of the shutter, and a microscopic 
event which is governed by the quantum laws 
may indeed be due to this virtual waiting for 
a favorable instant. The deduced and un- 
expected quantization of the macroscopic 
phenomenon is due, in part, to the use of the 
specially devised mechanism in which the 
large scale event is made to depend on a simple 
non-statistical quantised atomic effect and, 
in part, as already indicated, to the choosing 
of the unique and “improbable” instant when 
alone this coupling of the two kinds of systems 
becomes possible. If such coupling has not 
been noticed befcre, it may be because struc- 
tures linking micro- with macro- processes 
have not been intimately considered in this 
way. 

From an operational point of view, waiting 
for the favorable event of siniultaneous emis- 
sion may be little different from the assump- 
tion that we can observe the ultimate motion 
of the gas particles and delay the opening of 
the shutter until we observe two molecules 
suitably approaching A and C simultaneously, 
(the second being directed along the line CO). 
This postulated operation, to some extent, 
gives us the powers of the Maxwell Demon 
and may on further examination, be open to 
similar objections. If this analysis is correct, 
we may expect the statistical results obtained 
by the method of Einstein and the others to 











be in some way contrary to the spirit of the 
Second Law. However, as the averaged be- 
havior of the system is not considered, no 
such anomaly comes to light in the case con- 
sidered by them. 

The initial assumptions of the problem are 
contrary to the Second Law for a more obvi- 
ous reason. It is first assumed that the weigh- 
ing of the box and the observation of the time 
of arrival and momentum of the unreflected 
particle could be carried out before the arrival 
of the second. It is deduced that “It would 
then seem possible to predict beforehand both 
the energy and time of arrival of the second 
particle....” If so, it would surely be 


The Emission of Positive Ions from Cu and Ag 


By using an electrometer with a sensitivity 
of 3X10-" amp mm for measuring the cur- 
rent, it has been possible to detect Cu* ions 
from Cu and Ag® at temperatures just below 
the melting point and above. The results for 
Cu are in agreement with the findings of L. L. 
Barnes (Phys. Rev. 37, 218, 1931). The nature 
of these ions was determined by a mass 
spectrograph of the Dempster type. In the 
earlier work (Phys. Rev. 37, 467, 1931) when 
the metals were used as filaments and were 
heated by electrical conduction, no character- 
istic positive ions could be detected. This was 
probably due to the fact that the filaments 
broke at a temperature below the melting 
point. 

In the present instance the metals were 
heated in a resistance-wound porcelain vacu- 
um furnace, and a characteristic current was 


The Alternating Intensities of Na. Bands 


It has generally been supposed that the so- 
dium bands do not show any observable alter- 
nation of intensities and that therefore the 
sodium nucleus must have a large spin. This 
conclusion depends upon the statement by 
Loomis and Wood (Phys. Rev. 32, 223, 1928) 
that there is no evidence of alternating in- 
tensities in these bands. The writer examined 
their published photograph of one of these 
bands and came to the conclusion that there 
might be some slight evidence of alternation 
of intensities. However, the spectrum is rather 
messed up by the presence of other lines than 
those belonging to the bands, and also there 
may be irregularities in the continuous source 
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possible, using a shutter and two interchange- 
able receiving vessels at O to separate the gas 
escaping from A into two portions having 
different average temperatures, thus realising 
theconditions of the Maxwell Demon problem, 
and permitting a violation of the Second Law. 

It is therefore not necessary to go to quan- 
tum mechanics for evidence that this original 
train of assumptions is physically unsound— 
if it is granted that the Second Law applies to 
the total behavior of the system. 

Davip L. Watson 
Science Service, 
Washington, D. C., 
August 6, 1931. 


detected. No sudden change in the magnitude 
of this characteristic current was observed 
in passing through the melting point. 

The current which passed through the slit 
system of the mass spectrograph was small in 
each case (of the order of 5X10~" amps for 
Cu and 10-" amps for Ag at the melting 
points). 

The potassium ion current was several hun- 
dred times larger than the characteristic cur- 
rent at these temperatures, and did not de- 
crease appreciably with several hours’ heating 
above the melting point. This may be due to 





potassium salts from the porcelain passing 
into solution in the molten metal. 
H. B. WAHLIN 
Depart ment of Physics, 
University of Wisconsin, 
August 6, 1931. 


used for this absorption spectrum, and no 
certain conclusion could be drawn by visual 
observation. This apparently was the method 
of examination used by Loomis and Wood and 
probably accounts for their conclusion that 
there are no alternating intensities. 

In order to test this conclusion better | 
have photographed the reproduction which 
they gave and have run the negative so se- 
cured through a microphotometer. (This 
method of investigation was suggested to the 
writer by Professor F. A. Jenkins.) The re- 
sulting microphotometer curve shows very 
strong indications of alternating intensities 
in these bands. It is the odd-numbered lines 
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which show the greater intensity, the number- 
ing being that of the > rotational levels. 

The P branch lines are resolved from the 
P28 line to the P57 line. The height of the 
peaks on the microphotometer curve measured 
relatively to an arbitrary base line which was 
taken as approximately that of the continu- 
ous background, are as follows: 


Galva- 








Galva- 
Line nometer Line nometer 
Throw | Throw 
P28 a P43 4.4 
29 4.3 44 2.3 
30 2.0 45 3.9 
31 3.7 46 3.0 
32 2.1 47 4.0 
33 3.3 48 3.6 
34 1.6 49 4.2 
35 3.3 50 ~ 
36 3.8 51 $.2 
37 4.7 52 
38 4.0 53 2.8 
39 4.3 54 0.5 
40 4.5 55 - 
41 3.2 56 
4.1 57 - 


42 





It will be noticed that in nearly every case 
the throw for the even numbered lines is less 
than the throw for the two neighboring odd- 
numbered lines and in every case the throw 
for the even numbered lines is less than the 
average for the throws of the two neighboring 
odd-numbered lines. If we sum the throws 
for the even numbered lines from 28 to 48 in- 
clusive we get 34.3 and for a similar sum of the 
odd-numbered lines from 29 to 49 we get 45.3 
showing that there is a distinctly greater in- 
tensity for the odd-numbered lines than for 
the even numbered lines in this region. 

The R and Q branch lines are not well 
separated. From R37 to R45 the R(J’’) line 
falls on the Q(J’’—5) line and for the higher 
numbered lines the resolution is imperfect. 
(The region of the figure containing the lower 
R lines than R37 was not investigated.) No 
evidence for alternation of intensities is found 
either in the R or Q branch lines in this region 
of partial resolution by the method used above 
for the P branch lines, but I have noticed that 
the peaks of the partially resolved R and Q 
lines consist in many cases of one strong peak 
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with a little hump on the side representing the 
weaker line of the pair. And I noticed that in 
many cases the odd-numbered line, regardless 
of whether it was a Q or R branch line, was 
stronger than the neighboring even numbered 
R or Q line. The following table gives a list 
of some 18 pairs of these partially resolved 
lines. Some such pairs cannot be used because 
of obvious irregularities in the microphotom- 
eter curve. The relative intensities of the 
two lines are indicated by the inequality sign. 
In the cases where the microphotometer curve 
was obviously irregular straight lines have 
been drawn. 


Q41 > R46 Q52<R57 
42< 47 53> 58 
43> 48 54— 59 
44< 49 55> 60 
45> 50 56< 61 
46< 51 57— 62 
47> 52 58< 63 
48— 53 59— 64 
49> 54 *60> 65 
*50> 55 61> 66 
*S1< 56 *62> 67 


There are 18 of these double peaks which 
seem to be clear and undisturbed by the 
presence of other lines. In 14 of these it is the 
odd-numbered line which is the more intense 
and in the 4 remaining cases (marked with an 
asterisk) is it the even numbered line which 
appears to be the most intense. 

It seems to the writer that the evidence 
from these microphotometer curves indicates 
very strongly that there is an observable alter- 
nating intensity in the sodium bands and that, 
therefore, the spin of the nucleus is probably 
5 2 or less. Also the odd levels of the normal 
*S are the stronger so that Naz is similar to 
H, in this respect and the states antisym- 
metric in the nuclei are those which occur. 
Experimental work to determine the intensity 
ratio is in progress in the Columbia University 
laboratories (Chemistry and Physics) in col- 
laboration with the laboratories of Mr. Alfred 
Loomis of Tuxedo Park. 

Haroitp C, UrREY 

Department of Chemistry, 

Columbia University, 
August 7, 1931. 


The Red CN Band System 


A number of interesting features of this 
spectrum have appeared in our analysis of its 


rotational structure from grating plates of 
high dispersion. It has been known for some 
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time that the electronic transition is *11—?2, 
the 2X state being identical with the lowerstate 
of the *2-+*E violet CN bands. We find close 
agreement in the constants of the 22 state as 
derived from the two systems. Thus in our 
equation for the band origins, 


y = 14,403.22 + 172-+4.240’ 


— 12.8830"? — 2035.02e + 13.1760", 


the vibrational constants of the final state are 
close to the accepted values from the violet 
system: wo’ =2055.64, x’’wo’’=13.25. The 
constants of the rotational energy in the lower 
state, determined from measurements of the 
bands (2, 1), (4, 1), (3, 2), (4, 2), (5, 3), G, 2), 
and (6, 3), are probably more accurate for the 
states v’’ =2 and 3 than those now known from 
the violet bands. Our work gives B,’’ = 1.8904 
—0.01730"’, while Heurlinger obtained 1.8915 
—0.0173v"’. 

The new data on the #II state are of more 
importance. The doublet is inverted, with the 
spin coupling constant A =—52.2 cm”. It 
presents an interesting example of the inter- 
mediate type of coupling between case (a) 
and case (b), having A/B,= —31.4. In agree- 
ment with the general formula for the energy 
derived by Hill and Van Vleck, a considerable 
difference is found between the “apparent” 
constants, B*, » for small rotation, in the two 
components. Thus, by a graphical evaluation, 
we find B*,_ —B*,,,:=0.102, as an average 
the seven bancds measured. This is exactly the 
difference predicted by the theory. If the true 
B, is taken as the mean of the two B*, ys 
values, our data give B,’ = 1.6554 —0.01746v’. 

None of the constants, however, shows a 
perfectly smooth variation with v in the #II 
state. Perturbations of both vibrational and 
rotational energy are especially pronounced 
for v=4 and 5. These phenomena are caused 
by the interaction with the higher terms of the 
2¥ state, which are known! to cross the 7II 
terms in this region, with nearly the same 
value of B,. The A-doubling becomes very 
large in the perturbed states, showing an 
abrupt discontinuity and reversal of sign 
where the levels of the *II state are crossed by 
those of equal J in the 22 state. For v’ =2 and 
3, the A-doubling is relatively small, and of 
the expected type. At low J, Avg. is smaller 
in the 7; terms, but takes on considerable 


1J. E. Rosenthal and F. A. Jenkins, Proc, 
Nat. Acad. Sci. 15, 381 (1929). 
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negative values as J increases. The 7, terms 
show first an increase to a maximum, with 
Avee= +0.05 cm at about J =10, then a de- 
crease and eventual reversal of sign at about 
J=20. An analysis of the curves according to 
the equations of Mulliken and Christy? yields 
Po= +0.0082, go= —0.00032 as mean values 
for these two vibrational states. 

In the bands with v’ =4, three large pertur- 
bations are found, which by their form and 
magnitude are evidently due to the crossing 
of sets of terms. The terms 7). show a dis- 
continuity at J=13}, corresponding to the 
perturbation of the 7, terms® in the *X state 
with v=11. Further perturbations occur in 
Tigat J=25}3 and in T.,at J=27}. The latter 
have been predicted by Dr. G. T. Ittmann 
from a theoretical treatment of perturbations 
in doublet states‘ as applied to the case of II 
and 2 in CN. In fact we have found from our 
data and from those previously given for the 
violet system’ that if one assumes a relative 
position of the *II and #2 levels such that 7}. 
crosses 7, between J=12} and 13}, an extra- 
polation of the unperturbed levels shows that 
Tia is crossed by 7; at J=25}, while To, is 
crossed by T; at J =27}. Thus all of the per- 
turbations in the “II levels are accounted for, 
as of course are the three corresponding per- 
turbations previously known in the final levels 
of the violet system.' 

With the relative position of the *11 and 22 
levels thus fixed to within 1 or 2 cm™, it ap- 
pears that the term ?Z“)(0) lies 57 cm™ 
below the lowest rotational term of 2IT3/.™, 
while 22“)(0) lies 38 cm above the lowest 
level of *II; 2°. The *II,,2° levels have initially 
greater spacing than those of ?=“*, and ap- 
proach the 2X“'” levels as far as J=123, then 
recede again. This explains a remarkably large 
A-doubling found in #I1,,2°', and a corresponding 
large spindoubling in ?=“"), previously known.> 
The close approach of the vibrational levels 


* R.S. Mulliken and A. Christy, Phys. Rev. 
38, 87 (1931). 

3 In Ref. 1 it was assumed, from the data 
then available, that the 7, terms were per- 
turbed at this point. Correcting this shifts the 
P, curve in Fig. 1 of Ref. 1 one J unit lower, 
and changes its designation to P». 

4G. T. Ittmann, Zeits. F. Physik, in press. 
We are indebted to Dr. Ittmann for an op- 
portunity to examine this article in MS. 

5 F. A. Jenkins, Phys. Rev. 31, 539 (1928). 
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2x) and 2“ to 71 and 711 respectively, 
is also probably responsible for perturbations 
of these vibrational terms, which are shown by 
a displacement of the bands as a whole some 
1 or 2 cm™ from their positions calculated by 
an equation for origins such as that given 
above. 
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F. A. JENKiNs, Department of Physics, 
University of California 
YALE K. Roots, Department of Physics, 
Findlay College 
Ropert S. MULLIKEN, Department of 
Physics, University of Chicago. 
August 4, 1931. 


Reaction due to Gas Molecules leaving the Cathode of an Arc 


Tanbergt has published some interesting 
experimental data which have been inter- 
preted as indicating that a high speed metal 
vapor jet is ejected from the cathode region of 
an electric arc drawn from a copper cathode in 
a vacuum. 

Since gas was evolved in the experiment, it 
is interesting to consider the reaction force 
produced by the gas molecules leaving the 
cathode. The relation between vapor pressure 
and rate of evaporation of a metal* is 
m=p(M/211RT)'*. In this case, the pressure 
will be one half that given by the above re- 
lationship, since the molecules leave but do 
not return. We are interested in the force 
rather than the pressure, so the above equa- 
tion becomes m’=2f(M/211RT)'? — or 
f=m'(ILRT/2M)'2, where m’ is the actual 
evaporation in grams per second. 

Consider the data from test 356 (Reference 
1, page 1081): . 

Reaction force (uncorrected) 0.485 gm 

Electrodynamic force 0.041 gm 


Corrected reaction force 0.444 gm 


Evaporation from cathode 0.49 X 1075 gm/ 
sec. 

Assuming that the cathode spot has a tem- 
perature of 3000°K, as given in a recent paper,’ 
the reaction force due to the evaporated 
copper may be calculated by the equation 
given above, and is found to be 38.5 dynes or 
0.039 gm. There is, therefore, a force remain- 
ing to be accounted for of 0.444—0.039 or 
0.405 gm which is0.405,0.039 or 10.4 times the 
force due to the evaporating copper. This force 
might be due to the gas which is evolved, in 
which case, assuming that the gas molecules 
have velocities corresponding to the tempera- 


' Tanberg, Phys. Rev. 35, 1080 (1930). 

2 Jones, Langmuir, and Mackay, Phys. Rev. 
30, 201 (1927). 

* Tanberg and Berkey, Phys. Rev. 38, 296 
(1931). 


ture of 3000°K, it is possible to calculate the 
ratio of the weight of the gas evolved to the 
weight of the copper evaporated. This will be 
called “r.” If the gas evolved is molecular 
oxygen, 

r = 10.4(32/63.6)' ? = 7.4. 


If the gas evolved is atomic oxygen, 
r = 10.4(16/63.6)' ? = 5.2. 


Test 456 (Reference 1, p. 1087) gives some 
clue to the amount of gas evolved. Assuming 
the gas to be oxygen, the weight of the gas 
evolved is 

(56 — 0.9)V & 0.00131 
, 760,000 


where V is the volume of the vessel. The 
weight of the copper evaporated is 1.53 X10 
X2.3Xt, where t=the duration of the test. 
Thus 

55.1 & 0.00131 V 


760,000 X 1.53 X10 &K 2.3 6 


\ 
= 6.08670 —~. 


The values of V and ¢ are not given, though 
Mr. Tanberg states that this test “lasted 
several seconds,” and in the later paper,’ it is 
stated that “the arc his never held longer than 
5 seconds.” Assuming that V is 7000 cm® and 
t is 3 seconds, the value of V would be 6.3, 
which is seen to be of the same order of magni- 
tude as those calculated above on the assump- 
tion that the measured reaction force is pro- 
duced by a vapor stream and a gas stream 
both of which have velocity distributions cor- 
responding to a temperature of 3000°K. 

It is quite evident that the force due to the 
gas evolved should not be neglected. For ac- 
curate results, the nature and amount of this 
gas should be determined. 

B. WELLMAN 

Research Laboratory, 

General Electric Co., 
August 6, 1931. 
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Angular Distribution of Photoelectrons 


In his interesting paper (Phys. Rev. July 
15, 1931) J. Frenkel proposes an approximate 
method, very simple indeed, for computing 
the angular distribution of photoelectrons 
emitted by a hydrogen-like atom. The result 
is identical with that obtained by F. Fischer 
and with the somewhat more general results 
presented by F. Sauter (Ann. d. Physik 9, 217, 
1931). The remarks of Frenkel about a dis- 
crepancy between his formula and that pro- 
posed by myself together with G. Schur (Ann, 
d. Physik 4, 409, 1930) are evidently erroneous 


turns out to be the 
the for- 


because my formula 
straightforward approximation of 
mulae of Fischer, Sauter and Frenkel, if one 
expands the latter according to ascending 
powers of the velocity ratio 8 and neglects, be- 
sides higher powers of 8, a term of a relativistic 
order of magnitude not substantiated by the 
present treatments. 


A. SOMMERFELD 
University of Michigan, 
August 17, 1931. 


Note on ‘‘The Effect of Piezoelectric Oscillation on the Intensity 


of X-ray Reflections from Quartz” 


In a paper having the above title, published 
Review 37, 1622 (1931) 
Messrs. G. W. Fox and P. H. Carr reported an 
interesting result of their experiment that the 
intensity of x-ray reflections from quartz is 


in the Physical 


decidedly increased when the crystal is piezo- 
electrically oscillated. 

It should be noted that a similar experiment 
Was in progress in our laboratory in connection 


Fig. 1. 


with the effects of heterogeneous strain of a 
crystal upon its reflecting power of x-rays. A 
crystal such as quartz has a perfect state of 
crystallization, and especially in the interior 
of the crystal the extinction effects, primary 
as well as secondary, are very large, while in 
the ground surface the crystallization is made 
somewhat imperfect so that the effects of both 
extinctions are reduced in a considerable de- 
gree. When a Laue photograph is taken 


through a quartz plate of the thickness of a 
few millimeters, each Laue spot splits into 
two (Fig. 1) showing that the reflection of 
x-rays takes place only in the thin layers near 
both surfaces, while the interior part of the 
plate makes little contribution to the reflec- 
tion. When, however, the plate is oscillating 
piezoelectrically, a kind of heterogeneous 
strain is established in it, and the interior part 
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of the plate can no longer be regarded as a 
perfect crystal. Hence the extinction effects 
will be reduced and the interior part will be 
endowed with a strong power of reflection. In 
Fig. 2 is given the Laue pattern for the same 
quartz plate as before but in oscillation. Each 
splitted spot is now bridged over to form a 
single spot, the intensity being increased 
enormously. 

A similar effect has been obtained when a 
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thermal strain was given to the crystal by 
applying a temperature gradient along a 
certain direction, of which the experimental 
result and its interpretation will soon be pub- 
lished. (Proc. of Physico-Math. Soc. of Japan, 
Ser. III, 13 (1931) 211). Moreover, it was 
found that, when a mechanical stress is given 
to the crystal plate so as to produce a hetero- 
geneous strain, a similar effect is also ob- 
served. It may be remarked that when the 


A New Criterion 


Nearly a year ago | reported the striking vio- 
lation of the Franck-Condon principle caused by 
some of the rare gases in active nitrogen. (Phys. 
Rev. 36, 778, 1930) | named this phenomenon 
“variation of intensity within a progression” 
since it involved a variation in the relative in- 
tensities of bands which are emitted from the 
same initial vibrational state. In a later paper | 
briefly discussed the explanation of this phe- 
nomenon in terms of Heitler and London levels 
and I pointed out that the phenomenon could 
be understood if one considered forced interac- 
tions with repulsive energy levels in the mole- 
cule. Transitions will not occur not only to the 
lower levels which are involved in the emission 
of the group of bands, but radiationless transi- 
tions will take place to repulsive energy levels 
and the predictions of the Franck-Condon prin- 
ciple will not be applicable. That this is true 
will be seen when one considers that while the 
Franck-Condon principle will predict the parts 
of the initial potential energy curve from which 
the most probable transitions arise, forced tran- 
sitions to a Heitler and London curve will rob 
the different parts of the initial potential energy 
curve of molecules and thus modify the results 
of the Franck-Condon principle. If the above ex- 
planation is correct then we have here a new 
criterion for predissociation and also the first 
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strain is homogeneous as in the case of uni- 
form heating or placing the crystal in a uni- 
form electrostatic field, little effect is pro- 
duced. 
S. NISHIKAWA (Fellow) 
Y. SAKISAKA 
I. Sumoro 
The Institute of Physical and Chemical 
Research, Tokyo, 
July 26, 1931. 


for Predissociation 


case of predissociation which is forced by rare 
gases since the experiments which | first dis- 
cussed are those reported by Lord Rayleigh in 
the Proc. Roy. Soc. A102, 453 (1922). 

It appears that Turner's evidence for forced 
predissociation is more direct than the present 
since in his experiment actual dissociation is ob- 
served. In some of my work on nitrogen in which 
the above phenomenon of variation of intensity 
in a progression was studied, | obtained very 
intense nitrogen afterglows for the first time in 
uncondensed discharges. This was reported 
(Phys. Rev. 37, 1004, 1931) before the notion 
of forced predissociation presented itself. Since 
then I have discussed predissociation in nitrogen 
in my report on the auroral spectrum (Phys. 
Rev. 38, 582, 1931) before the June meeting of 
the Physical Society in Pasadena. The present 
ideas regarding active nitrogen and the produc- 
tion of active nitrogen under such unusual con- 
ditions, indicate that the forced predissociation 
in my experiments resulted in an enhanced pro- 
duction of atomic nitrogen. We have therefore 
another reason for believing that deviations 
from the Franck-Condon rule may in many 
cases be indications of predissociation. 

JoserH KAPLAN 

University of California at Los Angeles, 

August 18, 1931. 


Predissociation in Nitrogen and Excitation of the Green Auroral Line 


In a recent note in these columns, L. A. 
Turner reported the enhanced predissociation in 
iodine, caused by argon. It is the purpose of this 
note to report some of my experiments in which 
some evidence has been obtained corroborating 
Turner's explanation of the above effect. 

Frerichs first pointed out that the green auro- 
ral line could be intensely excited in narrow 
capillary discharges in oxygen. I have recently 
repeated this in oxygen containing varying 
amounts of nitrogen, in order to study the modi- 
fications in the first positive group of nitrogen 


bands which might be produced simultaneously 
with the emission of the green line. A prelimi- 
nary report of the modification of these bands 
was published in these columns before the aurora 
line was observed (Phys. Rev. 38, 373, 1931), 
and in that note it was pointed out that it was 
possible to force the emission of certain “heads” 
which are not observed under usual discharge 
tube conditions. The rotafional analysis of these 
bands by Naudé was reported in the name num- 
ber of the journal in which my note appeared, 
so that it is now possible to define more clearly 
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what we mean by “heads” of the first positive 
group. Naudé’s analysis shows that what ap- 
pears as a “head” under average dispersion, 
really consists of a group of three P, Q and R 
branches so that the three strong heads which 
characterize most of the first positive bands, are 
really three groups of P, Q and R branches be- 
longing to the transitions *IIjow—*S, *Tnedium 
—8Y and *Hyign—*S. (The phenomenon of 
single-headed emission of these bands plays an 
important réle in my work on the aurora spec- 
trum.) A forced emission of these heads means a 
modification of some selection rule for predis- 
sociation transitions since their absence under 
normal conditions can be accounted for by pre- 
dissociation (Phys. Rev. 37, 1406, 1931). We 
will assume that the same selection rules are 
violated in the forced emission in N» and in the 
emission of the green line in oxygen. Now the 
normally missing groups in Ne belong to the 
transitions from Il),\gnand Medium, and the pres- 
ent effect is to decrease the probability of transi- 
tions from these levels to some nearby Heitler 
and London level. Hence the selection rule which 
is probably modified is the one which has to do 
with the angular momentum of the molecule or 
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the atom and this is the one whose modification 
is proposed by Turner to explain the magnetic 
quenching of iodine fluorescence as well as the 
effect of argon on predissociation in iodine. The 
violation of the selection rule for angular mo- 
mentum changes in the atom will also account 
for the emission of the green line. 

It is well known that argon and other rare 
gases play very unusual réles in the excitation of 
spectra of molecules and atoms which are mixed 
with them. The experiments of Turner, the 
present experiments in which the green line is 
produced under conditions more readily under- 
stood than those produced in argon-oxygen mix- 
tures, as well as other effects of rare gases on the 
nitrogen spectrum which have been briefly dis- 
cussed elsewhere (Phys. Rev. 36, 778, 1930 and 
37, 1406, 1931), all show that at least one of the 
effects of rare gases in these experiments is to 
change transition probabilities. It will be inter- 
esting to obtain more detailed experimental and 
theoretical discussions of this important effect. 


JosepH KAPLAN 
University of California at Los Angeles, 
August 18, 1931. 
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BOOK REVIEWS 


Numerical Mathematical Analysis. J. B. ScaRBorouGH, Pp. 416, figs. 25. Baltimore, The 
Johns Hopkins Press; London, Humphrey Milford, Oxford University Press, 1930. Price $5.50. 


This is a self-contained and teachable textbook dealing with numerical analysis. The treat- 
ment is elementary and suitable for students having the usual first course in calculus. The 
subject matter is introduced by interesting remarks, the explanations are clear, difficulties are 
anticipated and pitfalls are pointed out. The text discusses the following: accuracy of calcula- 
tions; interpolation; numerical differentiation and integration; numerical solution of algebraic, 
transcendental and differential equations; law of error and least square theory; precision of 
measurements; and empirical formulas. Numerous examples are worked out and abundant exer- 
cises without answers are given. 

Several proofs offered seem to the reviewer not conclusive, and some words are not used in 
their ordinarily accepted technical sense, for example, on Page 140 “An asymptotic series is an 
infinite series which converges for a certain number of terms and then begins to diverge.” 
The author's meaning in every case, however, is made perfectly clear. 


Henry E. HaArtic 


University of Minnesota 


Neuere Arbeiten iiber Quantentheorie des Atomkerns. F. G. HourerMAns. A chapter of 
volume 9 of Ergebnisse der Exalten Naturwissenschaften. Pp. 123-221. Berlin, Springer, 
1930. 

After reading this interesting review one is left with the feeling that nothing very definite 
has come of the application of quantum mechanics to the atomic nucleus other than the inter- 
pretation of the Geiger- Nuttall law for radioactivity by alpha-particle emission. This topic, the 
further speculations of Atkinson and Houtermans on atom building, and the various discussions 
of the theoretical significance of the mass-packing curve are the principal concern of the report. 
Spectroscopic evidences of nuclear spin from molecular and atomic spectra are not treated. 


E. U. Coxnpon 


Princeton University 


Uber interstellare Massen und die Absorption des Sternlichtes im Weltraum. Fr. BECKER, 
from volume 9 Ergebnisse der Exakten Naturwissenschaften. Pp. 36,7 figs. 5 tables. Springer, 
Berlin, 1930. 


This is a good summary of existing knowledge and past work on dark matter in space. The 
first chapter deals with a study of the positions and extent of obscuring matter, “ cosmic clouds” 
as the author calls them. The criteria which lead to a conclusion of the presence of such clouds 
rather than the absence of stars in certain regions are described, as is the method for measuring 
their distances. The paragraphs on the reduction of the observations are a trifle obscure. The 
next chapter treats the evidence for the presence in interstellar space of ionized calcium, re- 
cently studied by Struve. It also includes interesting discussions of Triimplers work on galactic 
absorption, accounting for the dark central bands seen on edgewise oriented spiral nebulae. 
Chapter three contains an account of Herschel's diffuse nebulosities and a good critique of 
Hagen’s work on cosmic clouds. The summary is clear and concise. 


S. A. Korrr 


Princeton University 
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Fiinfundzwanzig Jahre Nernstscher Warmesatz. F. Simon, from volume 9 Ergebnisser 
der Exakten Naturwissenschaften. Pp. 222-274. Springer, Berlin, 1930. 


The first publication by Nernst of his heat theorem, now called the third law of thermody- 
namics, was in December 1905. The twenty-fifth anniversary of this event provides a natural 
opportunity for retrospect and stock taking. This article by Simon deals with this task, giving 
especial attention to the present state of opinion and the questions now in the focus of discus- 
sion, with the proviso that the interest is throughout physical rather than chemical. In two 
particulars the article lays a different emphasis from many other articles on the same subject, 
such as those in the Handbuchs. There is in the first place a full discussion of the application of 
the third law to physical phenomena in systems of a single chemical substance, such as thermal 
expansion, surface tension, the melting curve of helium, magnetic polarization (diamagnetics, 
paramagnetics, and ferromagnetics), dielectric polarization, thermo-electric phenomena, and 
the degeneration of gases. The second special feature is a careful discussion of the implications 
of many recently discovered quantum phenomena in the neighborhood of 0° Abs, including in 
particular those interesting effects known as ‘‘ Umlagerung”’ phenomena, and the phenomena 
connected with the transitions between the two varieties of hydrogen at low temperatures. 
The article closes with a section written in conjunction with K. Wohl on the theoretical cal- 
culation of the entropy of gases, with special regard to spin phenomena, and comparison with 
experiment. 

The subject is one in which great progress has been made in the last few vears, and is one 
with which every physicist must be acquainted and with which every student of thermodynam- 
ics must be thoroughly familiar. This article, skillfully written by one who has himself made 
important experimental contributions, affords the pleasantest means to this end that I have yet 


seen. 


P. W. BRIDGMAN 
Harvard University 
















